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Mining activities were impacted by in-seam clastic partings, which effected the coal distribution and 
quality of the coal seam. The Number 4 Lower Coal Seam (C4L) and associated clastic partings in a 
portion of the Highveld Coalfield were studied to determine the palaeoenvironment under which the 
succession was deposited. Literature reviews were undertaken to gain an understanding of the 
regional setting of the coalfield and the associated depositional environment. A database with 186 
vertical boreholes was used to create cross-sections through the study area. The database was 
corrected by removing all dolerites in order to restore the lithologies to their pre-intrusion positions. 
The C4L was divided into four coal units, C4LBA, C4LBB, C4LTC and C4LTD, and two in-seam clastic 
units, S4LFL and S4LP to better understand the relationship between the parting and the coal. 
Facies analyses were undertaken and four facies, some with sub-facies, were defined and interpreted 
hydrodynamically. These were sandstone, interlaminated sandstone-siltstone, carbonaceous siltstone 
and coal facies. The cross-sections, facies assemblages and isopach maps of the parting and seam 
thickness were used to develop the fluvial depositional environments. Multiple upward-fining cycles 
occur in the eastern sector of the study area, with basal rip-up clasts contained in erosively-based 
coarse sandstone that crudely fines upwards within a braided channel system. This channel system is 
flanked by rhythmically interbedded fine-grained sandstone-siltstone facies, interpreted as overbank 
sedimentation on the floodplain. 
The coal quality distribution was influenced by in-seam clastic channels rather than the in-seam 
parting. The allogenic clastic sediments caused an increase in the relative density and ash content of 
the coal, and a decrease in the fixed carbon, volatile matter, moisture contents and calorific values of 
the coal. The C4LBB is the only coal unit that displayed a general decrease in coal qualities throughout 
the study area towards the east, close to the approaching fluvial system, while the quality in the other 
coal units were controlled by the in-seam inorganic channels. 
Coal petrography showed two upward decreasing cycles of vitrinite content, separated by the S4LP. 
The vitrinite content is high at the base of each cycle and decreases in the overlying coal unit. It is 
concluded that the C4LBA was deposited in a wet forest environment with abundant collotelinite 
present, followed by deposition in a dry forest environment with open marshes in C4LBB, as the 
conditions became drier. The C4LTC was deposited in a wet forest environment with dry forest and 
open marsh areas. As conditions became drier, the C4LTD was deposited in an open marsh 
environment with some wet forested areas with abundant inertodetrinite macerals present. All four 
coal units are Medium Rank C bituminous coal. 
For the first time the disciplines of coal petrography and sedimentology were integrated to determine 
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Coal forms during the accumulation and alteration of plant remains, which progress through 
compaction and induration to form a readily combustible sedimentary rock containing more than 50% 
mass and 70% volume of carbonaceous material (Gary et al., 1972). The energy released from coal 
today was derived from prehistoric vegetation that absorbed energy from the sun millions of years 
ago through photosynthesis. 
In the period from 1838 to 1859, the first coal was discovered and documented in various provinces 
of South Africa, and was closely linked with the economic development of the country (Snyman, 1998). 
With the discovery of gold and diamonds in South Africa, the demand for coal increased, resulting in 
new mines opening in Mpumalanga, Gauteng, KwaZulu-Natal, Free State and Limpopo (Jeffrey et al., 
2015). It was estimated in 2011 that South Africa’s coal reserves and resources were 9.8Gt and 56.8Gt, 
respectively (CGS, 2012). Most of the reserves are located in the Central Basin in Mpumalanga that 
comprises of the Witbank, Highveld and Ermelo coalfields. Mpumalanga currently hosts about 84% of 
the country’s coal production by means of open-cast, underground bord-and-pillar, stoping and 
longwall mining (Jeffrey et al., 2015).   
For the foreseeable future, coal will remain the primary energy source for South Africa for electricity 
generation. In addition, South Africa currently operates one of the biggest commercial coal-to-liquids 
(CTL) synfuel plants in the world, for which coal is the feedstock to produce liquid fuels (Hancox and 
Götz, 2014). The South African Synthetic Oil Limited (Sasol) is a chemical and integrated energy 
company that operates in the Highveld Coalfield and is supplied with coal from its surrounding Sasol 
Secunda Collieries to produce crude synthetic gas through gasification at Sasol Synfuels (Hancox and 
Götz, 2014). Coal forms the foundation of Sasol’s business to produce syngas, which is converted to 
produce synthetic fuels and downstream chemicals. 
Coal mining in South Africa is facing serious challenges due to cost increases, energy security risks, 
export demands risks, variable local demands and climate change policies (Burton et al., 2018). With 
the easily accessible high quality coal already mined out, the coal quality and availability had been 
steadily declining in the Highveld and Witbank Coalfields (Jeffrey, 2019). This forces companies to start 
re-evaluating seams previously thought uneconomical to mine, with new technologies and improved 








1.2 Problem statement 
 
The Number 4 Lower Coal Seam (C4L) is laterally continuous throughout the Highveld Coalfield and 
the most economical seam to mine (Snyman, 1998). The accumulative vegetation was generally 
undisturbed during peat formation towards the middle of the coalfield, but towards the eastern edge 
it was interrupted by in-seam clastic sedimentation, produced by a nearby fluvial system (Hagelskamp, 
1987). The sedimentation period was short lived before the area was again blanketed by the 
accumulation of vegetation (Winter, 1985). These palaeochannels are associated with changes to the 
vegetation distribution and affected the quality parameters of the seam (Hagelskamp, 1987).  
The coal type, grade, thickness and quality distribution are determined at the site of peat 
accumulation. To understand these parameters, the depositional setting in which the peat and in-
seam partings were deposited, need to be investigated. The relationship between the depositional 
system and the quality of the coal will have an impact on future exploration work and mining practices 
required to exploit the resources (Cadle, 1995). 
Fluvial channels not only affects the coal distribution and quality of the seam as indicated in Figure 
1.1, but also directly impacts mining activities in the following ways: 
1. The harder in-seam partings lead to accelerated wear and tear on mining equipment (cost 
implications; 
2. The wear and tear increase the possibility of an underground explosion due to frictional heat 
of the picks;   
3. When the in-seam sandstone becomes too thick, the extraction of coal becomes impractical 
due to low production and high cost; 
4. Each coal sub-seam, above and below the palaeochannel, decrease to an uneconomical 
mining thickness. 
When mining takes place within the areas affected by the in-seam parting (palaeochannel) it becomes 
crucial to understand what the quality distribution of the seam and sub-seams are, and how the 
parting affects the coal distribution. This information will assist mine planning to optimise mining 





1.3 Aim and objectives 
 
The aim of the project was to gain an understanding of the paleoenvironment in which the C4L and 
associated in-seam parting were deposited and to determine how this depositional environment 
influenced the coal quality, distribution and seam thickness in the study area. This information was 
used to identify any relationships between the coal quality distribution and the in-seam parting. 
The objectives were to: 
 Use borehole logs along with available geochemical data to construct a geological model 
using Geovia Minex™ software; 
 To create a geological model to understand the coal quality distribution, thickness of the coal 
and in-seam parting and distribution of the coal within the study area; 
 Conduct a facies analysis to determine the environment in which the in-seam parting 
developed;  
 Utilize coal petrography to determine the rank as well as the organic and inorganic 
constituents of the coal, to aid the reconstruction of the paleoenvironment. 
 
Figure 1.1: Underground photograph indicating where the Number 4 Lower Coal Seam (C4L) is split by 
the in-seam parting. The parting is 0.8 m thick and demarcated by the red lines. 
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The following questions were addressed: 
 What was the paleoenvironment of the C4L, and how did the environment influence the type 
and grade of the coal? 
 What was the paleoenvironment of the in-seam parting? 
 How does the in-seam parting influence the coal distribution, coal seam thickness and quality 
parameters of the coal formation? 
 Is there a relationship between the coal qualities and the thickness of the in-seam sandstone 
towards the palaeochannel? 
 
1.4 Scope of the study 
  
The focus of this study is to reconstruct the palaeoenvironment for the C4L and the in-seam partings 
within the study area. This study combines sedimentology and coal petrography, which has never been 
done before in the Highveld Coalfield, to determine if there is any existing relationships between the 
coal and the in-seam parting and how they influenced each other. The following steps were taken to 
carry out the project: 
1. Evaluate the available geological data (stratigraphic, petrographic and geochemical) for the 
C4L in the study area. 
2. Create geological profiles and cross-sections through the study area to better understand the 
distribution of the C4L, its sub-seams and the in-seam parting. 
3. Readjust the stratigraphy to the original positions prior to the dolerite intrusions by removing 
the dolerites from the data. 
4. Remove all inaccurate data based on a set of modelling standards as described in Chapter 3.3. 
5. Create a geological model for the C4L to display the distribution of the seam and in-seam 
parting thickness, floor and roof elevations and geochemical data along with other quality 
parameters. 
6. Develop, analyse and describe the facies and facies associations of the parting within the C4L 
from available borehole logs and photographs to recreate the paleoenvironment. 
7. Use available petrographic data along with new petrographic results to determine the grade, 
type and rank of the coal and use the data to assess the depositional environment. 
8. Interpret all the above mentioned results to understand the succession and associations 
within the depositional environment in the study area with a view of mining the coal in the 
future. 
The information gathered from this study can be used to develop an efficient mining strategy, identify 





1.5 Study area 
 
1.5.1  Location and general geology  
 
The area of interest is found within the northern portion of the Main Karoo Basin (MKB) in the Vryheid 
Formation, Ecca Group, and Karoo Supergroup. The study area is located between the towns of 
Secunda and Bethal in the north-eastern part of the Highveld Coalfield, about 150km east from 
Johannesburg, within the Mpumalanga Province (Figure 1.2). The study area covers approximately 
6000ha and contains 186 boreholes (Figure 1.3). These were logged throughout the years by various 
Sasol geologists and are captured within the Sasol geological database. 
   
 





Figure 1.3: Study area displaying study area boundary, mine boundary, vertical boreholes, WE Nr 1 
and NS Nr 1 cross-section lines. 
                                      
The Highveld Coalfield is hosted in the Main Karoo Basin (MKB), with the study area located in the 
north-eastern portion of this coalfield. The coal bearing Vryheid Formation of the Ecca Group is bound 
below by the Pietermaritzburg Formation, and above by the Volksrust Formation (Figure 1.4). The 
Pietermaritzburg Formation overlies the Dwyka Group, which in turn overlies pre-Karoo lithologies 
(Johnson et al., 1996). 
The Vryheid Formation of the Permian Ecca Group contains all the coal seams found within the study 
area. Five coal seams are identified, namely: the Number 2 Coal Seam (C2); Number 3 Coal Seam (C3); 
Number 4 Lower Coal Seam (C4L); Number 4 Upper Coal Seam (C4H) and the Number 5 Coal Seam 
(C5), as illustrated in Figure 1.4. The C4L is the most economical to mine with an average thickness of 
4 m (Snyman, 1998) and is the only exploitable seam in the current economic climate. The C4L and C5 
seams are the most continuous seams and are found throughout the study area. The C2 is only 
sporadically developed and the C3 and C4H merges with the C4L. The C4H merges with the C4L 
towards the northern portions of the study area, and the C3 merges with the C4L towards the east. 
The C4L is split into two separate sub-seams by an in-seam parting that increases in thickness towards 
the east of the study area, while the individual sub-seams each decrease in thickness towards the east. 
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Figure 1.4: Generalised stratigraphy of the Secunda area, with emphasis on the position of the 
Number 4 Lower Coal Seam and dolerites (Saghafi et al., 2008). 
 
Dolerite sills (Number 4 Dolerite Sill and the Number 8 Dolerite Sill) and dykes relating to large-scale 
early Jurassic magmatic events of the Drakensberg Group are present throughout the area and caused 
devolatilisation of the coal seams and structural complications by altering the original composition 
and elevation (Snyman, 1998). As seen in cross-section NS Nr 1 (Figure 1.5) and WE Nr 1 (Figure 1.6), 
the dolerite sills and dykes caused widespread displacement of the C4L Coal Seam with multiple 
intersections by the Number 8 Dolerite Sill. The Number 4 Dolerite Sill is found near the top of the 
sequence and intersects the C4L less frequent than the Number 8 Dolerite Sill. The pre-Karoo surface 
dips in a southerly direction with the deepest boreholes found in the southern portions of the study 




Figure 1.5: North-south cross-section through the study area, indicating the post-depositional 
influence of the dolerites on the stratigraphy (NS Nr 1 as shown in Figure 1.3). 
 
Figure 1.6: West-east cross-section through the study area, indicating the post-depositional influence 
of the dolerites on the stratigraphy (WE Nr 1 as shown in Figure 1.3). 
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Chapter 2: Literature review 
 
The chapter gives insight to the existing literature pertaining to the MKB, Highveld Coalfield and the 
Number 4 Coal Seam. The stratigraphy of the MKB is examined, with emphasis on the coal-bearing 
succession. Existing literature on coal petrography will aid in understanding the classification (grade, 
type and rank) and origin of coal to assist in recreating a palaeoenvironment. Lastly, a review of the 
literature regarding palaeochannel influence on coal formation, coal quality distribution and coal seam 
thickness is discussed. 
 
2.1. The Main Karoo Basin (MKB) 
 
The MKB is a retroarc foreland basin where flexural tectonism and dynamic subsidence controlled the 
sedimentation from the Late Carboniferous to the Middle Jurassic (Catuneanu et al., 2005; Smith et 
al., 1993; Hancox and Götz, 2014). The basin is confined by the Cape Fold Belt in the south and extends 
over the Kaapvaal Craton in the north (Cadle et al., 1993). Five main groups comprise the Karoo 
Supergroup, which make up the sedimentary sequence of the MKB, namely the Dwyka, Ecca, Beaufort, 
Stormberg, and the Drakensberg Groups (Figure 2.1). The African continent drifted away from the 
South-Pole during coal-forming times, influencing South Africa’s climate by changing from cold glacial 
to cool periglacial in the later part of the Palaeozoic (Falcon, 1986b). 
Figure 2.1: A simplified stratigraphy of the Karoo Supergroup in the northern portion of the Karoo 




2.1.1 Dwyka Group 
 
The Dwyka Group presents the first depositional sequence within the MKB, during the Late 
Carboniferous to Early Permian. These sediments consist of a variety of glacial to periglacial deposits 
(Snyman, 1998). In the glacial depositional environment, the main rock types are diamictites, tillites 
and fluvioglacial pebbly sandstones and conglomerates (Visser, 1986). In the northern margins of the 
MKB, glacial palaeovalleys were created by the northern retreat of the glaciers to higher terrain 
(Snyman, 1998). Climate amelioration caused deglaciation to cease deposition in the MKB, signalling 
the end of the Dwyka Group (Johnson et al., 1996). 
 
2.1.2 Ecca Group 
 
The Ecca Group overlies the Dwyka Group and was deposited during the Early to Late Permian 
(Tankard et al., 1982). In the north-eastern area of the MKB, three distinct formations exist: siltstone 
and shales of the Pietermaritzburg Formation; cyclic fluvio-deltaic siliciclastic and coal deposits of the 
Vryheid Formation; and mudstone and siltstones of the Volksrust Formation (Hancox and Götz, 2014). 
The Ecca Group outcrops throughout the Highveld Coalfield, as displayed in Figure 2.2. 
             
Figure 2.2: The lithostratigraphy of the Karoo Supergroup and location of the Cape Fold Belt. The 




2.1.3 Vryheid Formation 
 
The Early Permian Vryheid Formation represents a widespread peat-forming environment where the 
majority of South Africa’s coal occurs and consists of alternating sandstones, carbonaceous shales, 
shales and minor conglomerates, along with the coal deposits (Cadle et al., 1993; Johnson et al., 1996; 
Cairncross, 2001). Fluvial environments were the preferential accumulation setting for thick, lateral 
extensive peat deposits (Cadle et al., 1993). The coal seams are mainly flat-lying with a slight southerly 
dip direction influenced by the south-flowing anastomosing rivers that drained the swamps (Wybergh, 
1922). At least five upward-coarsening deltaic successions occurred, along with upward-fining fluvial 
succession in the middle of the Formation, with each ending with a layer of coal in the north-eastern 
part of the basin (Johnson et al., 1997). The coal seams are discussed in more detail in the description 
of the Highveld Coalfield (Section 2.2). 
 
2.1.4 Volksrust Formation 
 
The Volksrust Formation overlies the Vryheid Formation and is not present in the study area. It is a 
transgressive argillaceous succession dominated by dark grey-green siltstone and mudstone with 
phosphatic/carbonate/sideritic concretions (Hancox and Götz, 2014). The Formation shows 
coarsening upward trends and is postulated to have formed in shallow to deep basinal conditions 
(Cadle, 1974). It is known for a collection of low diversity trace fossils and several organic microfossils 
(Tavener-Smith et al., 1988). A rare bivalve assemblage (Cairncross et al., 2005) and various insects 
(Van Dijk, 1981) represent some of the macrofaunal remains along with fossilised wood and plant 
remains. 
 
2.1.5 Beaufort Group 
 
The Beaufort Group represents the transition from subaqueous to subaerial deposition with 
predominant fluvial sedimentation during the Middle Permian and Early Triassic (Smith et al., 1993; 
Hancox and Götz, 2014). Multi-coloured fine-grained mudstones and sandstones are found, indicating 
a fluctuating water table and different degrees of oxidation due to increased aridity and active 
subsidence (Snyman, 1998).    
 
2.1.6 Stormberg Group 
 
The Stormberg Group was deposited from the Late Triassic to the Middle Jurassic and forms the 
uppermost unit of the Karoo Supergroup, capped by the Drakensberg Group basalts (Eriksson, 1983; 
1985; 1986; Catuneanu et al., 2005). Sedimentation within three formations (Clarens, Elliot and 
Molteno Formations) indicates that the climate became increasingly arid (Smith et al., 1993). Upward 
fining fluvial sandstones of the Molteno Formation form the base of the Group, with mudstone and 
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fine grained sandstone of the Elliot Formation, occurring above the Molteno Formation. The Elliot 
Formation was deposited mostly by high sinuosity rivers with extensive floodplains (Johnson et al., 
1997). The arid Clarens Formation culminated the succession with aeolian sandstone deposited by 
ephemeral streams (Eriksson, 1986).  
 
2.1.7 Drakensberg Group 
 
Thick basaltic lavas of the Drakensberg Group formed the remaining top 1.4 km of the Karoo 
Supergroup succession (Johnson et al., 1996). Numerous sills and dykes are associated with the 
outpouring of the vast amount of basaltic magma, which had an effect on the coal deposits in South 
Africa (Bussio, 2012). The age of the Drakensberg lavas and associated dolerites are calculated to be 
of early Jurassic (185-180 Ma) based on ⁴⁰Ar-³⁹Ar geochronology (Duncan et al., 1997). The outpouring 
occurred during the transition from a compressional regime to an extension regime during the final 
break-up of Gondwana (Jourdan et al., 2004). 
 
2.2. Highveld Coalfield 
 
The Highveld Coalfield stretches from south-eastern Gauteng, extending south-easterly into 
Mpumalanga Province. The coalfield lies south of the stratigraphically similar Witbank Coalfield from 
which it is divided by the Smithfield Ridge, as indicated in Figure 2.3 (Hancox and Götz, 2014). 
 
Figure 2.3: Schematic north-south cross-section through the Witbank and Highveld Coalfields 
separated by the Smithfield Ridge. The approximate location of the study area is indicated by the red 
X (modified after Hancox and Götz, 2014). 
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Coal from the Highveld Coalfield is exploited from the Vryheid Formation, which forms the central unit 
of the Ecca Group in this northern section of the Karoo Basin. The clastic sediments and coal originated 
from fluvio-deltaic sedimentation (Hancox and Götz, 2014). The Ecca Group overlies thin distal and 
prodeltaic shales of the Pietermaritzburg Formation, which overlie the glaciogenic Dwyka Group 
below (Cairncross, 1989). In the Highveld coal succession, the coal-bearing successions were 
controlled by bed-load, braided-fluvial systems (Cadle, 1995; Winter, 1985). Meandering-fluvial 
systems were described by Hagelskamp et al. (1988), although this style of fluvial system is not 
common within the Vryheid Formation. Small-scale anastomosed rivers drained the peat swamps and 
caused multiple seam splits that adversely affect the coal-seam distribution and quality. Seam splitting 
was due to overbank crevassing and lateral stacking of channel-fill sequences capped by coal 
(Cairncross, 1989).  
Five coal seams are found within the Highveld Coalfield, numbered from Number 1 to 5 (Figure 2.4). 
Coal Seams Number 1, 3 and 4 Upper are generally thin, discontinuous, and low grade. The Number 4 
Coal Seam covers the whole coalfield and is the most economic seam with an average thickness of 
roughly 4 m. The Number 2 Coal Seam can obtain a thickness of 8 m in the west and north-eastern 
portions, but is generally 1.5 to 4 m. The Number 5 Coal Seam is only mineable in the northern and 
western parts of the coalfield, but is present across the entire coalfield (Snyman, 1998).  
The mineable portion of the Number 4 Lower Coal Seam consists of dull lustrous coal with variable 
amounts of mixed banded and dull coal; torbanitic units are found in places (Hancox and Götz, 2014). 
The Number 4 Lower Coal Seam contains low grade bituminous coal with a calorific value (CV) 
between 18 and 25 MJ/kg, ash content between 20 and 35% and a volatile matter content (VM) that 
is between 16.8 and 26.7%. The upper portions of the seam have an ash content of about 40% and CV 
value of about 15 MJ/kg, while the bottom portions have an ash content of approximately 21% and a 
CV value of about 23 MJ/kg. This shows an upwards decrease in coal quality through the seam 
(Jordaan, 1986).  
At Twistdraai Colliery, it was noted that the Number 3 Coal Seam converges with the Number 4 Coal 
Seam to form a single unit of the Number 4 Coal Seam that averages 3.6 m in thickness (Hancox and 
Götz, 2014). This was also observed by Cairncross and Cadle (1987) in the Witbank Coalfield where 
the Number 3 Coal Seam coalesces with the Number 4 Coal Seam. Hagelskamp (1987) found the 
Number 3 Coal Seam and sandstone parting between the Number 3 and 4 Coal Seam to be absent 
towards the east of his study area. He believes that the Number 3 Coal Seam did not develop in the 




                                                                    
Figure 2.4: The generalised stratigraphy and depositional sequence of the Highveld Coalfield. The 
present study is focussed on the Number 4 seam succession (modified from Winter, 1985). 
 
Hancox and Götz (2014) describe 98% of South African coal to be Medium Rank C bituminious coal, 
with the Number 4 Coal Seam in the Highveld Coalfield ranging from Medium Rank D to primarily C 
bituminious coal (Wagner et al., 2018). South-African coals were deposited on shallow shelves on 
continental platforms and were not exposed to deep burial and mountain forming processes, resulting 
in the almost horizontal dip of the coal (Cadle et al., 1993). Dolerite sills and dykes affected the coal 
rank in areas where the coal was heated as a result of the intrusions (Falcon and Ham, 1988). The 
large-scale magmatic event of the Drakensberg Group caused a easterly increase in the 




2.3. Coal constituents: microscopic  
 
Coal is composed of fossilised remains of plants that underwent progressive physical and chemical 
alteration through geological time (Wagner et al., 2018). As the biochemical degradation process stops 
as the organic material is buried, geochemical coalification takes over under conditions of high 
pressure and temperature over long periods of time. This results in the transformation of the original 
peat through the progressive evolutionary stages of lignite, sub-bituminous, and bituminous coal to 
anthracite and meta-anthracite, changing the physicochemical and technological properties of the 
coal (Stach et al., 1982; Taylor et al., 1998). Classification of coal on the basis of its physical, chemical 
and genetic aspects provides the clues to determine the possible depositional environment in which 
the peat and ultimately coal formed. Coal is composed of microscopically discrete organic constituents 
named macerals that are analogous to their inorganic counterpart called minerals in other rocks 
(Falcon and Snyman, 1986). Through coal petrography the microscopic organic and inorganic 
constituents of coal can be assessed to determine the grade, type and rank in order to classify the 
coal. 
 
2.3.1 Grade of coal 
 
The grade of the coal is the amount of mineral matter (ash) trapped within the coal seam (Snyman, 
1998). The origin of mineral matter in coal can be classified into two categories, namely: syngenetic 
and epigenetic minerals. Syngenetic minerals were formed during or shortly after accumulation of the 
plant debris (Snyman, 1998). Syngenetic minerals can be subdivided into intrinsic and extrinsic 
minerals. Intrinsic mineral matter were present within the original plant tissue and got trapped during 
deposition. Extrinsic mineral matter were deposited along with the peat by either wind (dust) or from 
precipitation during the movement of ground-water solutions through the peat. Epigenetic minerals 
are introduced into the coal seam long after accumulation of the peat, when percolating water 
deposits mineral matter into fractures, cavities and pores (Wagner et al., 2018). 
 Minerals can be viewed macroscopically in hand specimens from the core or microscopically using a 
petrographic microscope. Mineral matter (>5 microns) may be determined petrographically, as finer 
micron sized mineral matter can be overlooked. Highveld coals are dominated by quartz and clay 
minerals (kaolinite and illite) with varying proportions of carbonates (calcite, siderite and dolomite) 
and pyrite, which make up 8-35 weight % of the coal (Pinetown et al., 2007).  Variable amounts of 
mineral matter are related to water influx into the peat along with minor inherent authigenic minerals. 
The mineral matter is incorporated within the peat during flooding and leads to elevated ash levels 
and carbonaceous shales in the coal-rich horizons (Singh and Singh, 1996). The determination of the 
grade of the coal assists in classifying the coal and determines the amount of impurities found within 
the coal, thus enabling a more complete understanding of the coal formation process (Ward, 2002). 
After complete combustion of the coal, the residue that remains are called the ash content (Snyman, 
1998). Coal can be classified and categorised based on the ash yield as stated in ISO/FDIS 11760:2018 
(E) (Table 2.1) by performing proximate analysis on the coal to compliment the petrographically 
determined mineral matter.  
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Table 2.1: Ash yield classification for coal as described in ISO/FDIS 11760:2018 (E). 
 
 
2.3.2 Type of coal 
 
The coal type refers to the maceral composition of the coal, and is controlled by the original plant 
material and the degree of alteration that took place during coal formation (Snyman, 1998). There is 
a number of factors that contribute to the formation of macerals during peat accumulation including 
the type of plants, tectonic and climatic controls, ecological conditions, acidity, and redox or Eh of the 
peat (O’Keefe et al., 2013). The original plant material can become unrecognisable after alteration to 
the maceral form. By conducting a maceral analysis, the petrographic composition of the coal can be 
determined (coal type), which aids in reconstructing the palaeoenvironment (Wagner et al., 2018). 
Macerals are divided into 3 groups, namely: vitrinite, liptinite and inertinite, and these form the basis 
of coal petrography (Stach et al., 1982). The subdivisions, characteristics and depositional 




Vitrinite is microscopically recognisable plant material, which formed through varying intensities of 
humification of the cellulose and lignin of stems, trunks, branches, roots and leaves and other cell 
tissue. These transformed into huminite and later vitrinite during coalification (Falcon and Snyman, 
1986). To preserve the vegetation as vitrinite, it must be rapidly covered by water or sediment in the 
swamp to prevent biochemical alteration by oxidation (Wagner et al., 2018). A coal can be classified 
by the properties of vitrinite as per Table 2.2 as stated in ISO/FDIS 11760:2018 (E). Individual vitrinite 
macerals are classified and discussed in Table 2.3. 
Table 2.2: Vitrinite classification by petrographic composition (ISO/FDIS 11760:2018(E)). 
 
Ash yield % by mass dry basis Ash class category
< 5 Very low ash
> 5 and < 10 Low ash
> 10 and < 20 Medium ash
> 20 and < 30 Moderately high ash
> 30 and < 50 High ash
Vitrinite content % by volume, 
mineral-free
Vitrinite class category
< 40 Low vitrinite
> 40 and < 60 Medium vitrinite
> 60 and < 80 Moderately high vitrinite
> 80 High vitrinite
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Table 2.3: Macerals in the vitrinite group (following the ICCP System, 1994, in Wagner et al., 2018).     
 
       
Vitrinite is derived from woody tissue that accumulated in humic and wet environments (Stach et al., 
1982). Telovitrinite formed in these conditions from cell walls with little aerobic decay while 
detrovitrinite experienced significant aerobic decay having formed from woody remnants after being 
broken down by saprophylic and decomposing organisms (Wagner et al., 2018). When slit structures 
are found within a collotelinite maceral (telovitrinite) the maceral is named pseudovitrinite. Both 
collotelinite and pseudovitrinite have the same precursor but the slits in pseudovitrinite suggests 
primary oxidation during coalification (O’Keefe et al., 2013). Gelovitrinite is described as coalified 
humus colloids without the presences of remnants cell tissue, which precipitated in cavities, cleats 




Inertinite is derived botanically from the same vegetation as vitrinite, but experienced a different 
depositional history. The plant material has been altered and degraded in dry conditions, resulting in 
a different chemical composition that vitrinite (Stach et al., 1982). The aerobic and sub-aerobic 
decomposition of peat, during the oxidation and carbon-enriching process called fusinization (O’Keefe 
et al., 2013). Elevated temperatures due to peat fires may also contributed to the oxidation process 
(Wagner et al., 2018). Individual inertinite macerals are classified and discussed in Table 2.4 
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Table 2.4: Macerals in the inertinite group (following the ICCP System 1994 (ICCP, 2001), in Wagner 
et al., 2018). 
 
 
Four origins for the formation of inertinite have been suggested, including open fires (Scott, 1989; 
Scott and Glasspool, 2007; Moroeng et al., 2018), dehydration and oxidation (Cook, 1981; Hower et 
al., 2009), biochemical alteration (Teichmuller, 1974), and redeposition in allochthonous environment 
of partially coalified material, which is broken up (Hower et al., 2013). Fusinite indicates an origin of 
incomplete combustion due to oxygen deficiency in possibly a peat fire, as indicated by a well-
preserved cell structure. Semifusinite displays partially visible cell lumens and formed from weak 
humification, dehydration and redox processes (O’Keefe et al., 2013). Gondwana coals contain 
extensive semifusinite, which is believed to be rather leaf-derived than wood-derived (Wagner et al., 
2018). Secretinite precursors are likely resins and humic gels that formed by biochemical alteration 
and later oxidized or burnt (O’Keefe et al., 2013). Macrinite is a degradation product from microbial 
activity indicated by the excreted, digested remains of plant tissue (Wagner et al., 2018). Reworked 
debris of vitrinite, semifusinite, fusinite and other inertinite macerals form inertodetrinite when it is 
oxidized and redeposited in an aquatic environment. Inertodetrinite is abundantly present in southern 
African coal (especially the Mpumalanga coalfields) where wind could also transport and rework the 




Liptinite macerals are derived from hydrogen-rich, non-humifiable plant and algal material and 
represent the chemically distinct part of the plants rather than merely the resistant exinites (outer 
shell) of spores (Taylor et al., 1998; Wagner et al., 2018). Liptinite does not undergo humification and 
gelification, and includes spores, cuticles, suberine cell walls, resins, algae and polymerized waxes, fats 
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and oils of vegetal origin (Stach et al., 1982). The group is far less common than vitrinite and inertinite, 
except where there is high concentration of sapropelic bands of coal, forming boghead coal, cannel 
coal or torbanite. Liptinite macerals are observed to auto-fluoresce under ultraviolet or blue-light 
fluorescence with different intensities related to rank, maceral type, chemical composition and the 
degree of oxidation (Wagner et al., 2018). Individual liptinite macerals are classified and discussed in 
Table 2.5. 
Table 2.5: Macerals in the liptinite group (following the ICCP System 1994, in Wagner et al., 2018). 
 
 
Liptinites are present in all environments that were not highly oxidizing and dry (Wagner et al., 2018). 
Sporinites are derived from the resistant outer cell walls of spores and pollens (Stach et al., 1982). 
Cutinite originates from cuticles and cuticular layers from the outer walls of the epidermis of leaves, 
stems and other aerial plant parts (Wagner et al., 2018). These macerals are associated with land 
plants providing protection against desiccation. Resinite originated from resins and waxes (Stach et 
al., 1982).  
 
2.3.3 Rank of coal 
 
At the start of coalification (with time, pressure and heat), the original peat swamp starts to transform 
through a progressive series from brown coal (lignite), to subbituminous and bituminous coals, to 
anthracite and meta-anthracite (O’Keefe et al., 2013). The degree of maturation is termed its rank. 
Through coalification, the chemical and physical properties of vitrinite change. The rank, or maturity 
level of coal is expressed in terms of vitrinite reflectance and is reported as the mean random or 
maximum value for the sample (Wagner et al., 2018). The percentage reflected incident light is used 
to compare between ranks (Falcon and Snyman, 1986). The reflectance of reactive macerals increases 
as rank increases, and since vitrinite is extremely sensitive to change in temperature during 
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maturation of coal, the vitrinite reflectance is most suitable for determination of rank (De Jager, 1976). 
Vitrinite appears dark to light grey under the microscope depending on the coal rank, with the 
reflectance values falling between that of liptinite and inertinite for bituminous coals. Reflectance 
measurements are taken on a scratch-free, relief-free, polished surface of smooth homogenous 
collotelinite (Wagner et al., 2018). Coals can be classified based on their rank as per Table 2.6. 
Table 2.6: Classification of humic and saprolific in-seam coal, based on rank (adapted from ECE-UN, 
1998, in Wagner et al., 2018). 
 
 
2.4. Coal constituents: macroscopic 
 
Macroscopically identifiable coal layers (of 5 mm or more) in hand-sample specimens are named 
lithotypes (Diessel, 1992). Lithotypes represent the changes in conditions in the mire and organic input 
(Wagner et al., 2018). On the basis of lustre, fracture patterns, colour of the coal and streak, and 
texture, it is possible to distinguish between the bands and layers and classify coal (Diessel, 1992). 
Lithotypes can be divided into banded coal/humic coals, and non-banded/saprolific coals, with the 
latter being rare (Stach et al., 1982). Gondwana humic coals are generally characterised by thinly 
bedded laminated bands with alternating fine layers of different brightness. Formed under terrestrial 
conditions, the layers and bands typically derived from humic matter (wood, reed or sedge remains) 
within the peat swamp or in close proximity (O’Keefe et al., 2013). Stopes (1935) proposed four 
lithotypes, which were later amended by Diessel (1965; 1992) to incorporate two more lithotypes 
(Table 2.7). The coal lithotypes in the borehole core drilled for this study are described in the coal 
petrography chapter (Chapter 6, Section 6.3) to assist in determining the conditions of plant growth 
and organic input within the mire during deposition. The petrographic composition controls the coal 
brightness or dullness, where the degree of dullness are related to inertinite content and mineral 
matter and the degree of brightness to the vitrinite content (Silva and Kalkreuth, 2005). The different 
coal lithotypes are described in Table 2.7.  
75 35 0.4 0.5 0.6 1 1.4 2 3 4-6
C B A D C B A C B A
SubbituminousLignite Bituminous Antracite
Low - Rank Medium - Rank High - Rank
% Bed moisture Percentage mean random vitrinite reflectance (% RoVmr)
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Table 2.7: Classification of humic coal lithotypes (Diessel, 1992; Wagner et al., 2018). 
 
 
2.5. Depositional environment 
 
The recognition of macerals helps in the identification and understanding of the depositional 
environment and economic value of coal (Ward, 1984). The plant material and ultimately peat 
undergoes intense changes during coalification, but many organic constituents can be traced back to 
their phytogenic source, which can provide details of the depositional environment (Diessel, 1992). 
Macerals can form through a number of different pathways where each type will give a reflection on 
the depositional environment. Many factors control the maceral composition, like the peat-forming 
vegetation, pH conditions, microflora, which in turn are controlled by climatic conditions, underlying 
sedimentary substrate and sedimentary influx (O’Keefe et al., 2013). Consideration can be given to 
the lithotypes (macroscopic scale), individual macerals present (microscopic scale) and their 
associations to determine the environment in which the peat was deposited and the alteration it 
underwent (Wagner et al., 2018).  
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The petrographic assessment of coal and understanding the basic microscopic units forms the 
foundation for the microscopic understanding of the coal (Stach et al., 1982). Each individual maceral 
records the depositional environment and changes that occurred during and after deposition. 
Different types of vegetation, microbial activity and degree of oxidation results in different textures 
and material composition of the peats (Wagner et al., 2018). Figure 2.5 shows the relationships 
between the different environments and the conditions prevailing in typical facies of coal-forming 
peat swamps. 
 
Figure 2.5: Coal forming facies and their characteristic in a classic Gondwana swamp (after Diessel, 
1965, modified by Falcon and Snyman, 1986; Wagner et al., 2018). 
 
2.5.1 Climate and flora 
 
There is a difference between the Carboniferous coal-forming processes that created the Northern 
Hemisphere coals compared to the Permian coals found within the Southern Hemisphere. Different 
palaeoclimates and dominant vegetation during peatification contolled coal formation (Falcon and 
Snyman, 1986). Falcon (1986b) explained that the Northern Hemisphere peats were deposited in a 
hot and humid climate, while the Southern Hemisphere peats experienced a shift in climate from cool 
to warm temperate. Coals that formed in cool to temperate climates contain less bright coals with 
thinly banded coal resulting from the oxygenated summer waters and dry, snow covered winters 
causing desiccation (Stach et al., 1982; Taylor et al., 1998). The variation in climate influenced the 
depositional environment with slow rates of accumulation and low rates of decomposition in the 
Southern Hemisphere peat. During the Permian, gymnosperm plants evolved, and coal-forming mires 
in southern Africa were colonised by conifers, ferns, subarctic mosses and deciduous forests with 
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Gangamopteris and Glossopteris flora and less dominant lycopods, cordiataleans and early 
gymnosperms (Falcon, 1986b; 1989). Well-drained brackish to fresh-water mires led to the formation 
of coals from oxidation of the peat and microbial degradation. Various conditions occurred during the 
peat forming period, with waterlogged, anaerobic conditions leading to vitrinite-rich, autochthonous 
coal at the base, grading up to allochthonous, inertinite-rich environments in upper peats (Falcon, 
1986a,b). The deposition of coal can be allochthonous or autochthonous where the peat could either 
be formed within the swamp or subsequently transported and deposited into the swamp. 
Inertodetrinite, detrovitrinite, and some micrinite have an allochthonous origin while massive cellular 
macerals are an indication of allochtonous origin and formed in-situ (Wagner et al., 2018). Through 
palynological correlation with the lower coal zone (LCZ) in the Springbok Flats Coalfield, using radio-
isotopic dating, the Number 4 Coal Seam of the MKB was assigned a Kungurian age (Barbolini et al., 
2018; Barbolini et al., 2019). 
 
2.5.2 Tissue Preservation Index (TPI) and Gelification Index (GI) 
 
The TPI and GI makes use of the quantitative relationship between macerals at the place of burial to 
determine the palaeoenvironment. The terms TPI and the GI were introduced by Diessel (1986, 1992) 
to distinguish between different depositional environments and coal facies (Eq 1 and 2). Diessel (1986, 
1992) based his methods on Australian coal, and Calder et al. (1991); Kalkreuk et al. (1991); Sahay 
(2011); and Singh et al. (2012) modified these indices to suite other coals. The indices are based on 
the vitrinite and inertinite maceral counts. The GI reflects the height of the water table and the degree 
of wet conditions during peat accumulation (Sahay, 2011). It compares the contrast between gelified 
(wetter) macerals with non-gelified (drier) coal macerals (Diessel, 1992). The TPI indicates the degree 
of humification experienced by the macerals and indicates the proportion of wood contribution to 
peat formation. It is the ratio of structured to unstructured macerals of the vitrinite and inertinite 
groups. The resultant facies diagram describes the palaeoenvironment using diagnostic macerals, 
indicating the original plant material and/or the biochemical conditions of preservation. For this study, 
Singh et al. (2012) modified indices were used and were calculated as follows and plotted on Diessel’s 
(1986, 1992) coal facies diagram (Figure 2.6): 
 










Based on where the data plots within the four quadrants of Diessel’s (1986, 1992) model, the indices 
are either low (<1) or high (>1). High GI and high TPI represents peat accumulation in a forested, wet 
raised bog or a telmatic forested swamp with good vegetal tissue preservation. High GI and low TPI 
represents peat accumulation in herbaceous, continuously wet raised bogs or telmatic to limno-
telmatic peat derived from an herbaceous marsh/highly decomposed forests. Low GI and high TPI 
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represents a forested raised bog or a forested swamp with occasional dry periods. Low GI and low TPI 
represents peat in a dry raised bog with low vegetal tissue preservation (Sen, 2016). 
 
Figure 2.6: Diessel’s (1986) coal facies diagram used for calculating the relationship between the TPI 
and GI indices to determine the depositional setting. The diagram was modified by Kalkreuth et al. 
(1991) and Singh et al. (2012). 
 
2.6. Previous studies on the depositional environment of the Highveld and Witbank 
Coalfield 
 
Cadle (1995) noted a trend within the Number 4 Coal Seam, in the Highveld Coalfield, where bright 
coal at the base gradually changes upwards through the succession into more dull coal, with higher 
ash values towards the top. This trend were also documented by Falcon (1989) and Holland et al. 
(1989) in studies in the Witbank Coalfield. Smyth and Cook (1976) documented a trend within 
Australian Gondwana coals, where the top of the seam is predominantly inertinite-rich with high 
mineral matter content. Smyth and Cook (1976) suggested that the high inertinite content indicates 
that the wet-forest swamp became relatively drier with time and underwent more oxidation as the 
mire evolved. Coal lithotypes that are arranged in an dulling-upwards cycle (vitrinite-rich at the base 
and inertinite rich at the top) are interpreted as terrestrialization cycles via peatland aggradation 
(Korasidis et al., 2017a,b). The petrographic composition of the coal is responsible for the coal’s 
brightness or dullness, with the dullness related to the mineral matter and inertinite content (Silva 
and Kalkreuth, 2005). Cadle (1995) suggests that the swamps in the Highveld Coalfield were well 
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drained and contained oxygenated water that contributed to the high inertinite content. This 
condition promoted the oxidation of the peat and created void space in the peat, within which intrinsic 
mineral matter were precipitated. 
Hagelskamp and Snyman (1988) observed that the Number 4 Coal Seam (within the Highveld Coalfield) 
contains well-preserved massive vitrinite macerals with high ratios of low-reflecting inertinite with 
detrital macerals that formed in an upstream environment. This suggests good preservation 
conditions allowed for humification and vitrinitisation of the peat upstream. Hagelskamp and Snyman 
(1988) proposed that the peat was eroded, disintegrated and transported downstream and 
redeposited with the inclusion of detrital macerals after partial oxidation. Hagelskamp (1987) reports 
up to 60% inertinite are found in some samples, with abundant inertodetrinite and semifusinite. The 
vitrinite was made up of mostly collinite especially telocollinite. Liptinite only make up about 2% of 
the coal on average. Du Toit (1954) observed that that the coal formed from the growth of “in-situ” 
plant material, and that the lower portions were purer than the top portions of some seams in the 
Witbank Coalfield and Highveld Coalfield.  
 
2.7. Previous studies of the influence palaeochannels have on the coal distribution and 
quality parameters within the Highveld and Witbank Coalfields 
 
There has been several sedimentological studies undertaken to document the special relationship and 
facies association between the coal and associated clastic sediments to interpret the environment of 
deposition. Cadle (1995); Cairncross (1980, 1986); Stravrakis (1989); Winter (1985); and Hagelskamp 
(1987) created palaeoenvironmental models on the Highveld and Witbank Coalfield. Comparisons can 
be drawn with the Witbank Coalfield based on similar stratigraphy and successions (Hancox and Götz, 
2014). 
In all the palaeoenvironmental models, the bed-load, fluvial depositional systems containing medium 
to coarse-grained sand, granule-grade gravel with small amounts of pebbly gravel have been 
associated with the coal seams (Cadle and Cairncross, 1993). These channel sandstones have a linear 
to sub-linear geometry within the Number 3 to 4 Coal Seams, with a convex-down base and a convex-
up top (Le-Blanc Smith, 1980). 
Fluvial channel-fill successions of meandering and braided rivers are built up as a result of sideways 
movement of the channel when the river avulses and switches position on the floodplain (Nichols, 
2009). The gradual filling of a channel generates an upward-fining successions (Miall, 2006). Schumm 
(1968) defined three generic styles of fluvial channel systems based on the mechanism of transport, 
namely:  
1.) Suspended load channels (with less than 15% bedload), 
2.) Mixed load channels (15 to 35% bedload), 
3.) Bedload channels (35 to70% bedload). 
 
This classification can be used to describe the channel load. Suspended load channels are associated 
with anastomosed and straight rivers, mixed load channels are associated with meandering rivers and 
bedload channels with braided rivers (Schumm, 1968). Schumm (1981) refined and summarised his 
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original classification after noting important trends (Figure 2.7). He noticed that rivers with a coarse 
sediment load are more unstable and prone to channel avulsion and are likely to be of low-sinuosity 
and multi-channel type, than rivers with a fine-grained, suspended load. 
                
Figure 2.7: Channel classification based on sediment load (Schumm, 1981 in Miall, 2006). 
When channels move sideways over the floodplain they can disrupt the development and 
accumulation of peat. When the clastic sedimentation supply exceeded the rate of peat accumulation 
a split in the coal seam develop. Seam splitting occurs when the coal seam is “split” laterally and 
vertically into two individual seams with a significant non-coal parting seperating them (Thomas, 
2013). Simple seam splits occur as the result of contemporaneous channel or lake development within 
the peat swamp (Ward, 1984). Once the influx of clastic material ceases, vegetation is re-established 
and peat accumulation continuous (Thomas, 2013).  
Seam splitting has a detrimental effect on coal mining and creates difficult underground mining 
conditions especially if the in-seam parting is quartz-rich. Within homogeneous coal seams significant 
amounts of non-coal material are known as bands or partings (Ward, 2002).  These partings plays a 
significant role in the economics of the coal deposit. Occasionally, peat swamps were tranversed and 
split by braided and anastomosed streams in the Witbank and Highveld Coalfield (Le Blanc Smith, 
1980; Cairncross, 1980; Winter; 1985; Cairncross, 1989, Cadle, 1995). 
Cadle (1995) described the depositional systems of the Permian Vryheid Formation within the 
Highveld Coalfield and explored the relationship between the coal seam occurrences and distribution 
in the north-western area of the coalfield. Cadle (1995) interpreted the Number 4 Seam depositional 
succession as a coarse-grained, low-sinuosity, bedload, fluvial system that displays a linear geometry 
above, below and within the Number 4 Coal seam. A period of sedimentation caused the splitting of 
the coal seam by a southerly flowing braided-fluvial system that reached depositional thicknesses of 
15 m and widths of 10 km wide. Stavrakis (1989) describes a high energy braided, fluvial channel 
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causing a split in the Number 4 Coal Seam located between Leandra, Hendrina, Ermelo and 
Wakkerstroom (Figure 2.8). This is described as the Bethal palaeochannel by Sasol geologists. During 
flooding events, the flow from the channel was delivered through crevasse splays into the floodplains. 
Sediments with a fining-upwards trends are found near the channel margins (crevasse-splays) and 
grade into more distal coarsening upwards crevasse-splays, which in turn grade into distal flood-basin 
silts (Cadle, 1995). 
                                                  
Figure 2.8: Thickness isopach map of the Number 4 Coal Seam showing the orientation and location 
of the Bethal palaeochannel in relation to the study area (modified after Stavrakis, 1989). 
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Winter (1985) examined the Lower Permian paleoenvironment in the northern part of the Highveld 
Coalfield and provided a complete description of the various genetic successions. Winter (1985) 
related the qualities of the Number 4 Coal Seam to the proximity of the palaeoechannels, where low-
quality coal is generally closest to the palaeoechannels. Directly above and below the channel axis, 
the coal has a relatively high ash content and low CV. Cairncross (1989) suggest that the lower ash and 
higher CV coal would be located farthest away from the palaeochannel sediments due to the parralel, 
interbedded clastic incursions close to the channel through overbank flooding. Post-depositional 
fluvial scouring during peat accumulation of the Number 4 Coal Seam has been documented causing 
the thinning of the eroded peat (Le-Blanc Smith, 1980; Winter, 1985; Cairncross, 1989; Cadle, 1995).  
Cairncross (1980; 1986) investigated the palaeoenvironmental control of anastomosing river deposits 
on coal quality in the Witbank Coalfield on the Number 2 Coal Seam. It was found that in the areas 
where channels split the Number 2 Coal Seam, the top sub-seam has the highest ash value where the 
sandstone parting is at its maximum thickness and the bottom sub-seam has the lowest ash value. 
Both sub-seam samples were taken without including clastic material. The bottom sub-seam has a 
lower ash value than the top seam as a result of the shielding effect from the overlying sediment. The 
top sub-seam could have been exposed to partial oxidation due to the peat overriding the channel.  
Both sub-seams are found to be their thinnest in the areas where the channel reaches its maximum 
thickness (Cairncross, 1980). The fluvial channel caused thinning of the coal below, through post-
depositional scouring, and above the channel axes and the pinch-out of coal adjacent to the channel 
margin (Cairncross and Cadle, 1988a, and b). Thinning of the coal over the apex of the palaeochannel 
can be attributed to the convex-up profile of the channel at the time of deposition (Cadle and 
Cairncross, 1993).  
The Highveld Coalfield’s coal distribution is influenced by palaeochannels and floodplain deposition. 
Hagelskamp (1987) noted that a sandstone parting within the Number 4 Coal Seam occurred towards 
the eastern boundary of the Highveld Coalfield. It is associated with the thinnest coal seam and 
variable thickness of the in-seam parting. Moving closer to the palaeochannel or abandoned channel, 
major changes in coal distribution and quality parameters can be expected thereby detrimentally 
influencing the economic value of the seam (Hagelskamp, 1987). Further away from the 
palaeochannel into the floodplain the seam is laterally the thickest and contains the best quality coal. 
The maceral and mineral composition of a seam can change drastically, vertical and laterally, in 
response to the original conditions during the swamp development. Closer to the palaeochannel 
variations in volatile matter content and ash distribution can be expected due to the influence of the 
fluvial system towards the east (Hagelskamp et al., 1988). The interbedded clastic partings within the 
coal were introduced by overbank flooding parallel to the channels, into the peat and causing higher 
ash and lower CV coal (Cadle et al., 1993). 
The Mpumalanga coalfields (including the Highveld Coalfield) were deposited in an upper delta plain 
with well drained swamps and a reasonable high water table. The laterally extensive coal swamps 







The coals of the Permian in the northern portions of the MKB are found within the Vryheid Formation 
of the Ecca Group. The Highveld Coalfield forms part of the central unit of the Ecca Group and consists 
of clastic sediments and coal that originated from various fluvio-deltaic sedimentation cycles (Hancox 
and Götz, 2014). The coal successions were controlled by braided fluvial systems (Cadle and 
Cairncross, 1993) with small scale anastomosing rivers draining the peat swamps, causing splits within 
the seam, and adversely affects the coal-seam distribution and quality (Cairncross, 1989). A southward 
flowing braided, fluvial channel splits the C4L towards the east of the Highveld Coalfield and is 
described as the Bethal palaeochannel (Stavrakis, 1989). 
The C4L is the most economical seam to mine within the Highveld Coalfield with an average thickness 
of roughly 4 m. The C4L consists of low grade bituminous coal that is made up of an assemblage of 
dull lustrous and mixed coal and is considerate inertinite-rich (Hagelskamp and Snyman, 1988). The 
C4L has an ash content of between 20 and 35% and shows and upward decrease in quality throughout 
the seam (Jordaan, 1986). The Number 3 Coal Seam converges with the Number 4 Coal Seam to form 
a single C4L unit at Twistdraai Colliery (Hancox and Götz, 2014). 
The coal can be classified based on petrographic parameters such as grade, type and rank with physical 
and chemical analysis adding to the classification. The grade of coal indicates the amount of inorganic, 
mineral matter remaining after combustion of the coal and is classified by the ash yield (Ward, 2002). 
The type refers to the organic composition and nature of the coal and is determined by the original 
plant material and degree of alteration that took place during coal formation (Snyman, 1998). The 
macerals form through different pathways where each type give a reflection on the depositional 
environment where the quantitave relationships between the macerals will be used to determine the 
palaeoenvironment using the TPI and GI index (Diessel, 1992). The maturity level or rank of the coal is 
expressed in terms of vitrinite reflectance, indicating where the coal is in the coalification series 
(O’Keefe et al., 2013).  
 
 










Chapter 3: Methodology 
 
The methodology chapter gives insight into how the aims and objectives of this study were met. Cross-
sections and profiles were drawn of the Number 4 Lower Coal Seam (C4L) to understand the 
distribution and correlation of each coal seam and the in-seam parting. Coal units were identified 
along with sedimentary partings within the C4L. The data outlined below, was refined and processed 
to create a series of grids of the different units, to indicate the distribution of the qualities, thickness 
and elevation levels of each unit within the C4L along with the in-seam partings. The grids were used 
to determine the distribution of the unit elevations, thicknesses and coal qualities to determine the 
influence and relationship between the in-seam parting and each coal unit. Available photographs and 
borehole logs were used to describe the facies and their associations across the study area of the in-
seam parting to determine the palaeoenvironment in which it was deposited. Coal petrography 
revealed the maturity and degree of change the coal underwent since deposition, while the maceral 
groups determined the composition of the coal. The relationship between the maceral compositions 
helped determine the palaeoenvironment during deposition.  
 
3.1 Overview of available data  
 
The primary source of data in the study area were 186 boreholes, which were drilled through the 
entire Karoo succession into the pre-Karoo basement. Photographs of the borehole cores, historic 
petrographic data and new petrographic data from drilling in the study area along with all the borehole 
logs and data are captured in the Sasol database. These boreholes were logged by various geologists 
over the last 60 years and the samples were all analysed by Secunda SABS Laboratory. These analyses 
included proximate analysis, ultimate analysis, relative density (RD) and CV along with basic 
petrographic analysis on coal from selected boreholes. A limited number of boreholes had 
petrographic data available. 
 
3.2 Cross-sections and Coal profiles 
 
All the geological data from the boreholes in the study area were imported into the geological 
modelling software Geovia Minex™ that is specifically designed to model stratified deposits. Using this 
software, several north-south and east-west cross sections along with coal profiles were created 
across the study area of the C4L. The sections and profiles helped to better understand the following: 
 Spatial position of the coal seams and in-seam parting; 
 Coal seam and in-seam parting thicknesses; 
 Vertical and lateral relationship between the coal seam and in-seam parting; 
 Floor and roof elevations of the coal and in-seam parting; 




Dolerite sills and dykes caused displacement of the C4L from its original position. To create the best 
representation of the coal seam and in-seam parting during the time of deposition, the dolerite sills 
and dykes were removed from the data. The overlying coal and sedimentary units were lowered by 
the thickness of the removed dolerite into their pre-intrusion position. 
After studying the cross-sections and profiles it was determined that the best way to proceed with the 
study was to divide the C4L into four coal units and two sedimentary units. The reasons were due to 
the C3 merging with the C4L (as determined from the cross-sections) and to have a more detailed 
understanding of the influence the in-seam parting had on the immediate coal deposits above and 
below the in-seam parting. In the areas where no clear marker was present to distinguish between 
the different units, an estimation was made based on sample size to ensure accurate data 
representation. Figure 3.1 displays a schematic illustration of the six different units and corresponds 
to the numbers and names described below from the base to the top, in depositional succession.  
 
 
Figure 3.1: Schematic west-east profile through the study area. The six units are indicated from the 
basal coal (C4LBA) to the top coal (C4LTD) in depositional order. The west-east cross-section line used 
to create the profile is shown in Chapter 5 (Figure 5.5) with the black arrows indicating the position of 
the boreholes used to create the profile. The grey shades represents the different coal units while the 
colourful shades represents the clastic units, with each unit’s name written within.  
 
1. The C3 merges with the C4L towards the east of the study area. This is the basal unit, present 
throughout the study area, and is named the C4LBA. 
2. The C4LBA is split from the overlying coal by a sedimentary parting, which thins and pinches 
out towards the south-east. The unit is called the S4LFL and is the thickest towards the north-
west. This unit plays a minor part in the study with only the floor and roof elevations and the 
thickness distribution discussed in Chapter 5. 
3. The C4LBB coal unit overlies the C4LFL in the north-west and the C4LBA in the south-east 
where the S4LFL pinches out. The C4LBB is present throughout the study area and lies directly 
below the in-seam sedimentary parting. The only area the C4LBB is not present is below the 
channel deposits of the S4LP in the eastern portion of the study area. 
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4. The sedimentary in-seam parting splitting the C4L is named S4LP. The unit pinches out near 
the western boundary of the study area and gradually increases in thickness towards the mine 
boundary. Near the mine boundary, the S4LP unit increase in thickness, after which there is a 
slight decrease in thickness towards the eastern study boundary. 
5. The coal lying directly on top of the S4LP is named C4LTC. The C4LTC unit did not develop 
towards the eastern portion of the study area but covers the S4LP unit across the rest of the 
study area. 
6. The uppermost coal unit is called the C4LTD. The C4LTD covers the entire study area and 
overlies the C4LTC and the S4LP unit in the eastern portion of the study area. 
 
3.3 Geological model data evaluation 
 
The new database with information from the 186 corrected boreholes was imported into the 
geological modelling software Geovia Minex™ to create a set of grids, which display a graphical 
representation of the geochemical analysis distribution, seam thickness, roof elevation and floor 
elevation of each unit. The database was re-evaluated and refined to determine which boreholes were 
suited to be used to create the final model. The following criteria were used to determine if a borehole 
log/data can be used in the model, or if it should be removed: 
 
3.3.1 Burnt coal and dykes 
 
The coal qualities and the seam thickness were adversely influenced by dolerite intrusions. Coal seams 
may be burnt and devolatilised in-situ by dolerite sills and dykes (Snyman and Barclay, 1989). 
Boreholes were removed from the dataset when the coal was identified as devolatilised or if dolerite 
was in contact with the coal. The standard used to indicate that the coal was devolatilised or heat 
affected is when the dry, ash-free volatile matter falls below 28% and the VM is below 18%. Boreholes 
were also removed when a dyke intersected the C4L or when it was found below the seam. If the 
borehole was drilled short of a known dolerite sill below the coal, it was removed. These boreholes 
could not be accurately moved back to their pre-intrusion position and were removed from the 
dataset.  
 
3.3.2 Unreliable data 
 
Boreholes were removed when the X, Y and Z coordinates were found to be inaccurate or when the 
C4L was not found/recorded or when there was core loss logged within the coal. When data was found 





3.3.3 Short, inclined and percussion boreholes  
 
Boreholes that did not intersect the C4L were not used. All boreholes that are not vertical diamond 
drill holes were removed including inclined and percussion boreholes. The inclined and percussion 
boreholes were not geophysically surveyed and therefore do not give an accurate representation of 
the seam roof and floor elevations. 
 
3.3.4 No coal sampled 
 
When no coal qualities (proximate analysis, CV or RD) were available for a borehole it was not used 
when the quality grids were created. The roof and floor elevation and horizon thickness could still be 
used for the structure grids. 
 
3.4 Facies analysis 
 
Borehole logs and photographs were used to describe and interpret lithofacies types of the in-seam 
parting (S4LP) found within the Number 4 Coal Seam, based on their fundamental physical properties 
such as textural characteristics and sedimentary structures. The vertical and lateral relationships of 
the lithofacies assemblages over the study area were used to interpret the depositional environment. 
Isopach maps and cross-sections were created to determine the vertical and lateral distribution of 
various facies and facies assemblages in order to compare these to known facies models data and is 
presented in Chapter 4. 
 
3.5 Geological model 
 
After evaluating the dataset of 186 boreholes, 146 boreholes were finally selected to create the 
structure grids and 145 boreholes were selected to create the quality grids, as presented in Chapter 
5. The output grids for each of the structure and quality grids are indicated below: 
3.5.1 Structure grids  
 
Structure grids were created of the six units to visually indicate the distribution of the following: 
 Roof elevation (meters/height above mean sea level); 
 Floor elevation (meters/height above mean sea level); 
 Thickness distribution (m); 




The pre-Karoo surface elevation grid (palaeotopography) was created to determine if there is any 
relationship between the elevations found within the units and the pre-Karoo palaeotopography. 
 
3.5.2 Quality grids 
 
Quality grids were created for the four coal units to visually display the distribution of the following: 
 Ash percentage distribution (air dried base, %); 
 Moisture content (air dried base, %); 
 Volatile content (air dried base, %); 
 Fixed carbon (air dried base, %); 
 Calorific value (MJ/kg); 
 Relative density (kg/m³). 
 
The “total inorganic thickness” grid was used in combination with the quality grids to determine the 
influence the inorganic material had on the qualities. All the grids, cross-sections and profiles were 
imported into Micromine 2020.5 software to enhance the illustrations. 
 
3.6 Coal petrography 
 
Through the use of coal petrography the microscopic organic and inorganic constituents of coal can 
be assessed to determine the coal type, rank and grade, with the macroscopic organic and inorganic 
constituents complementing the microscopic findings. The depositional environment contributed and 
controlled the maceral and mineral composition of the coal (Wagner et al., 2018). Petrographic studies 
of the four coal units provided assistance in understanding the peat facies and palaeosedimentary 
environment of peat accumulation.   
As indicated in Figure 3.2, not all boreholes in the study area have coal petrographic data available on 
the Number 4 Coal Seam. Five additional boreholes were drilled specifically for this study, namely 
boreholes number 5, 6, 7, 8 and 9 and were personally logged (Figure 3.2). The coal samples of these 
five boreholes were used to provide detailed petrographic data for use in the reconstruction of the 
depositional environment for each coal unit. Historical SABS data was used to complement these study 
boreholes, namely boreholes number 1, 2, 3, and 4 (Figure 3.2) to create a complete west-east 




        
Figure 3.2: Distribution of boreholes within the study area where petrographic data and photographs 
were available. The boreholes were used to create a complete west-east transect line through the 
study area (red dotted line). 
 
Petrography on polished blocks was conducted at the University of Johannesburg (UJ) by the author. 
The polished blocks were prepared in full by the Secunda SABS lab using the described procedure 
according to SANS-ISO 7404-02. 
Vitrinite reflectance measurements were obtained from the SABS Laboratory for the following 
samples: boreholes 5, 6, 7, 8 and 9 (study boreholes). No historic SABS vitrinite reflectance data were 
used in the study. Vitrinite reflectance is measured by the percentage of incident light reflected from 
the surface of vitrinite particles compared with the light reflected from a known standard  (Falcon & 
Snyman, 1986). This measurement determines the rank of the coal samples, and is expressed as a 
mean random sample (Wagner et al., 2018). Measurements were taken according to SANS-ISO 7404-
05 (1994).  
The detailed maceral analysis was conducted at UJ on the samples (from borehole 5, 6, 7, 8 and 9), 
using a Zeiss AXIO Imager M2M petrographic reflected light microscope fitted with Diskus Fossil 
software. The measurements were taken on polished blocks under reflected white light and 
photographed with the installed digital cameras. Basic maceral analysis data from boreholes 1, 2, 3 
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and 4 were used to supplement the five study boreholes. The procedure followed for the maceral 
analyses was according to SANS-ISO 7404-3. The analysis is used to determine the organic and 
inorganic components constituting the coal by point counting to determine the type of coal (Wagner 
et al., 2018). Three maceral groups are distinguished, namely: vitrinite, liptinite and inertinite, 
together with individual macerals and mineral matter under the microscope. The volume percentage 
(vol%) of each component was calculated, which is equal to the percentage number of the points 
counted on it (Falcon & Snyman, 1986). The absence or presence of the various macerals determined 
by the analysis, contributed to the palaeoenvironmental model (Diessel, 1992). The minerals present 
in the coal were identified by visual inspection, noted from the borehole logs and identified with the 
maceral analysis as observable minerals, contributing to the understanding of the grade of the coal. 
The results are discussed in Chapter 6. 
 
3.7 Depositional environment 
 
Each unit formed in a different depositional environment within the study area. As described in the 
start of the chapter, the seam was divided into six units. By investigating each unit individually, a better 
understanding of the vertical and lateral relationships and distribution within each deposition 
environment can be formulated. 
The depositional environments for each coal unit were reconstructed by plotting the Tissue 
preservation index and the Gelification index of each sample on a coal facies diagram (Diessel, 1986; 
1992; Kalkreuth et al., 1991; and Singh et al., 2012). The diagram and indices are discussed in detail in 
the literature review (Chapter 2). Ternary diagrams from Mukhopadhyay (1986) and Singh and Singh 
(1996) were used to support the findings. The vertical and lateral relationships will be discussed to 
indicate the changes in depositional environment and conditions prevalent for each unit. The results 












Chapter 4: Facies Analysis and Geological Model 
 
4.1. Facies Description and interpretation 
 
4.1.1. The facies concept 
 
The word “facies” is widely used in sedimentology and in some instances in metamorphic and igneous 
petrology. The sedimentary facies are defined by specific, observable attributes of sedimentary rock 
and include sedimentary structures, thickness and geometry, grainsize, rock type, colour and biogenic 
content of the sedimentary rock (Nichols, 2009). 
When the description is limited to the physical and chemical characteristics, it is referred to as a 
lithofacies. By describing individual facies using the above principles, interpreting them 
hydrodynamically and then observing grouped facies assemblages, depositional successions and 
depositional systems can be inferred and interpreted by comparing the facies and facies assemblages 
with the known modern day system and ancient analogues (Walker, 1992). The physical process of 
transport of clastic sediment and subsequent deposition of the sediment determines the lithofacies 
features and by analysing the conditions at the time of deposition the palaeoenvironment can then 
be formulated.  
 
4.2 Sedimentary Facies 
 
Observation and descriptions of the facies were made from borehole cores in the study area together 
with accompanying available photographs of the core that were personally logged. The facies analysis 
focused specifically on the C4L and its associated partings as this is the main economic seam of interest 
in the study area. Undertaking a facies analysis is intended to better understand the nature of the 
clastic partings that occurs within the seam, and thereby enabling certain assumptions where and 
when the parting will be encountered during mining operations. 
 
4.2.1 Sandstone Facies 
 
The sandstone facies includes clastic grain sizes from 0.065 mm (very fine sand) to 2 mm (very coarse 
sand) as defined by the Udden-Wentworth grain size chart (Figure 4.1). Based on this size analysis, 




                                                  
Figure 4.1: The Udden-Wentworth grain-size scale to classify sedimentary rocks (Nichols, 2009). 
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Figure 4.2: A bedform stability diagram indicating the flow velocity and sediment grain size and how 
this relates to the formation of specific bedforms and related and related sedimentary structures. 
Note that gravel sized sediment is not featured (modified after Nichols, 2009). 
 




This facies consists of well sorted, mostly structureless, grey to white, sandstones with grain sizes 
ranging from medium to coarse-grains (Figure 4.3). There are variants where some disseminated silt 
and mica sporadically dispersed in small quantities imparts a brown colour. Scattered granule size 
particles are found within this facies intermixed with the sandstone, together with interbedded 
siltstone. This facies is most common in boreholes in the eastern portion of the study area where it 
forms a linear in-seam parting in the C4L ranging from 2 m to 21 m. It is usually in the base and middle 
of the in-seam parting.  
 
 
Figure 4.3: Massive, fine-to coarse-grained sandstone. In all cases, the top is on the left. 
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b. Hydrodynamic interpretation 
 
The sandstone is mostly massive with no structure although some massive sandstones can contain 
lamination or cross-lamination that is not obvious but is discernible when X-rayed, according to Blatt 
et al. (1980). Massive bedding is formed in the absence of fluid-flow traction transport by either 
sediment gravity flows, rapid deposition from suspension and can also form from high levels of 
bioturbation (Boggs, 2009). Bedload deposition is favoured for this massive sandstone facies. 
 




The facies is comprised of a medium-to coarse-grained, light grey sandstone, with minor amounts of 
silt and mica with recognisable cross-bedding. The sandstone contains scattered granule sized 
particles in places. The laminae are inclined at a low angle with a small wisps of silt and mica. In some 
core it is difficult to distinguish between planar and low angle cross-bedding. Siltstone and coal rip-up 
clasts are found near the base of the in-seam parting in the eastern portion of the study area (Figure 
4.4). This facies is also found interbedded with the massive sandstone facies. 
 
 
Figure 4.4: Medium-grained, cross-bedded sandstone with coal and siltstone rip-up clasts. 
 
b. Hydrodynamic interpretation 
 
Cross-bedding forms under relatively high flow velocities within the lower flow regime by the 
downstream migration of two and three dimensional sand dunes under unidirectional flow (Figure 
4.2; Harms et al., 1982). The medium to coarse-grained sandstones can indicate a high energy 
environment with the thin mica and silt drapes indicating intermittent lower energy conditions. This 
indicates fluctuating current velocities. Rip-up clasts found within the sandstone near the base of the 
sedimentary parting indicates relative high flow velocities such that basal erosive action has scoured 










This facies is composed of medium to coarse-grained, light grey to white sandstone, with minor 
amounts of mica and silt (Figure 4.5). The sandstone contains randomly scattered subrounded pebbles 
and granules. The low angle cross-bedding can appear similar to planar bedding. The low angle 
between the foresets and bottomsets can appear horizontal. The bedding is defined by the siltstone 
laminae and dips less than 10° and is located towards the eastern portions of the study area within 
the massive sandstone facies. 
 
Figure 4.5: Medium-grained, low angle to flat bedded sandstone. 
 
b. Hydrodynamic interpretation 
 
Low angle cross-bedding forms by the downstream migration of two dimensional, straight crested 
sand dunes (Harms et al., 1982). High flow velocities in the lower flow regime of a unidirectional 
current, causes the formation of these bedforms (Prothero and Schwab, 1996). The coarse grained 
foresets form in high energy environments while the silt drapes over the foresets needs a low energy 
environment. This intercalation indicates a fluctuating current velocity. Flat bedding forms in the 
upper flow regime in the upper flat bed stage (Figure 4.2). Flow velocities exceed that of dune 
formation and the bed forms get washed out. Sand then moves down currents as discrete linear sheets 
and if preserved, forms the flat bedded sets.  
 
4.2.2 Interlaminated Sandstone-Siltstone Facies 
 
This facies ranges from siltstone-dominated to sandstone-dominated and is described based on its 
relative proportion of sand to silt. The lithofacies is intercalated and comprises alternating bands or 
laminae of siltstone and sandstone with sharp upper and lower bounding surfaces. Based on the 
proportion of sandstone and siltstone this facies can be divided into five individual sub-facies namely 
cross-laminated, flat laminated, flaser laminated, wavy laminated and lenticular laminated sandstone-
siltstone (Figure 4.6). The interlaminated facies are more commonly found towards the west and in 
the middle of the study area and ranges in thickness from 0.3 m to 2 m. 
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Figure 4.6: The three small-scale sedimentary structures dependant on the amount of sand and mud 









This facies consists primarily of fine-to medium-grained sandstone with minor silt and mica. Horizontal 
planar lamination is found with parallel alternating light and dark lamina distinguishing the sandstone 
with the minor siltstone laminae along the bedding planes (Figure 4.7). The lamina vary from 1 mm to 
1 cm. It is difficult to distinguish between planar (flat) bedding and low-angle planar cross-bedding in 
some of the core. This facies is common in the eastern portion of the study area. 
 
                                            
Figure 4.7: Fine-to medium-grained sandstone with planar lamination. 
 
b. Hydrodynamic interpretation 
 
The planar lamination coupled with the relatively coarse sand grain size within this bed suggest a high 
flow velocity in the upper flow regime during deposition (Figure 4.2). There is usually an association 
between this facies, cross-laminated sandstone facies and planar cross-bedded sandstone facies 
indicating variable flow velocities (Harms et al., 1982). Cadle (1995) states that this facies forms at 
relative high flow velocities in steady unidirectional flow and is found at the top of upward fining 
sandstone successions in linear sand bodies. The laminae originated via suspension settling in fluid, in 













This facies consists of light grey to brown, fine-to medium-grained silty sandstone. The amount of sand 
to silt is approximately equal. The facies structure is characterised by convex-down scour surfaces 
produced by erosion in the trough of the ripple as it migrated downstream. Individual sets of cross-
lamination are commonly 2-3 cm but can be smaller as in Figure 4.8, directly below the 0.5 m label. 
Planar cross-laminated sandstone and intra-laminated wave-ripple cross-laminated sandstone are 
commonly found together. This facies is found throughout the study area. 
 
   
Figure 4.8: Fine-to medium-grained sandstone with cross-laminated sandstone. 
 
b. Hydrodynamic interpretation 
 
Trough-cross laminated sandstone-siltstone facies forms when there is approximately equal amounts 
of sand and silt in the system accounting for the approximately equally mixed sandstone and siltstone 
that typifies this facies. As can be seen in the flow regime diagram (Figure 4.2), this primary 
sedimentary structure forms from the downstream migration of three-dimensional ripples at a 
relative low velocity of the lower regime and for the finer sediment sand-silt fraction (Harms et al., 
1982).  
 




This sub-facies represents the sand dominated portion with light grey, fine-to medium-grained 
sandstone with discontinuous carbonaceous and micaceous siltstone drapes, which are preserved 
over the ripples (Figure 4.9). The laminae are millimetres thick but can be up to 2 cm in places. This 
facies makes up portions of the in-seam parting towards the middle and west in the study area. 
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Figure 4.9: Fine-grained, flaser laminated sandstone-siltstone with cross-lamination. 
 
b. Hydrodynamic interpretation 
 
In stages during slack water conditions thin, incomplete silt laminae are draped over ripple troughs 
and ripple crests to form flaser lamination (Blatt et al., 1980). During these low energy conditions 
flaser lamination forms due to the episodic events of bedload traction and suspension settling of sand 
and silt (Davies, 1983). Current action is prevalent and results in a sandy bedload that is occasionally 
interrupted by suspension settling of silt and mud (Cadle, 1995). 
 




This sub-facies represents the lithology where the sandstone and siltstone are present in approximate 
equal quantities (Figure 4.10). The light grey sandstone is mostly fine-to medium-grained and the 
siltstone micaceous and carbonaceous. The undulatory bedding and laminae can vary in thickness up 
to 5 cm and are usually thicker than the flaser laminated sub-facies. This facies is very common in the 
middle and western portion of the study area. 
 
 







b. Hydrodynamic interpretation 
 
This sedimentary structure forms when sand and silt are present in equal proportions from alternating 
hydraulic regimes of bedload deposition of sand and suspension settling of silt. Current and 
suspension processes are comparatively equal to form wavy lamination (Cadle, 1995). 
 




This sub-facies consists of isolated sandstone lenses up to 3 cm in thickness contained in horizontal 
laminated, dark grey to almost black siltstone. The siltstone is carbonaceous and micaceous and 
represents the siltstone dominated portion and can contain bright coal bands (Figure 4.11). Some of 
the thin sandstone laminae show evidence of soft-sediment deformation and they are contorted and 
folded. Contacts between the sandstone lenses and the surrounding fine-grained siltstone are sharp. 
This facies is mostly found in the western portions of the study area. 
 
  
Figure 4.11: Lenticular lamination of carbonaceous siltstone with bright coal bands. 
 
b. Hydrodynamic interpretation 
 
The sub-facies forms when the environment is dominated by suspension settling of mud/silt in a 
quiescent and passive hydrodynamic regime that promotes the settling of the fine grained sediment 
and where there is limited sand supply (Winter, 1985). The thin, isolated sandstone lenses and laminae 
within the siltstone form when restricted amounts of coarser sand enter the system in insufficient 
amounts to deposit substantive sand beds. Instead, the sandstone forms disconnected thin 
interlamination within the siltstone when current flow produces some bedload transport of the sand 
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and the isolated sandy ripples are scattered on the muddy substrate (Harms et al., 1975). This sub-
facies forms in the lower flow regime when the flow velocities are low (Figure 4.2). The presence of 
coal bands indicates deposition in a terrestrial environment that periodically preserved peat. 
 




This facies consists of massive or weakly horizontal laminated, dark-grey to black micaceous and 
carbonaceous siltstone (Figure 4.12). Thin sandstone lamina and lenses occur sporadically in the 
lithology. Bands of carbonaceous siltstone are found throughout the study area. 
 
 
 Figure 4.12: Carbonaceous siltstone. 
 
b. Hydrodynamic interpretation 
 
The planar lamination in this facies suggest deposition in low energy environments through 
suspension settling of silt and carbonaceous material (Selley, 1976). The high carbon content indicates 
an abundance of organic material as a source of carbon. The close association of this facies with coal 
indicates the source of the carbonaceous material was vegetation associated with the peat swamp, 
but in a setting not favourable for the formation of coal. The overall setting is therefore either a 











This facies consists of humic bituminous coal with alternating band of bright and dull coal (Figure 4.13). 
Inertinite represents the dull coal bands and vitrinite representing the brighter shiny bands.  Calcite 
veins, siderite and pyrite nodules are found within the coal. The coal is found below and above the in-




Figure 4.13: Number 4 Lower Coal Seam, consisting of a mixture of bright and dull coal. 
 
b. Hydrodynamic interpretation 
 
Coal is described as a combustible sedimentary rock that is formed by the accumulation, compaction 
and induration of different altered plant remains with more than 50% mass and more than 70% by 
volume carbonaceous material (Gary et al., 1972). Coal forms in low energy subsiding peat swamps 
where the different plant species (type), degree of metamorphism (rank) and level of impurities 
(grade) makes up the varieties of coal (Schopf, 1956). In areas where the accumulation of vegetable 
matter is balanced by subsidence, a net accumulation of peat occurs (Cadle, 1995). The peat 
transforms after burial with increased pressure, temperature and time to become lignite, bituminous 
coal and eventually anthracite (Stach et al., 1982). Falcon (1986a,b) describes Vryheid Formation coals 
as autochthonous in origin based on the lateral continuity, thickness and the macerals bands within 
the seams. Rootlets found at the base of the seam provide further evidence of the autochthonous 









4.3. Geological model of the in-seam parting (S4LP) 
 
The section focuses on the in-seam parting that splits the C4L into two separate coal sub-seams. The 
in-seam parting is named the S4LP and is made up of the different facies described in Section 4.2. The 
S4LP was modelled to create structure grids to visually represent the floor and roof elevation over the 
study area and the thickness distribution. A schematic profile through the study area was created to 
aid in understanding the special distribution of the parting and the thickness distribution in 
comparison to the coal seams (Figure 3.1).  
 
4.3.1. Structure grids 
 
A total of 146 vertical boreholes were used to create the structure grids to determine the floor and 
roof elevations above sea level, and thickness of the in-seam parting (S4LP). 
 
4.3.1.1 Thickness grid 
 
The S4LP is present over the entire study area except where it pinches out close to the western study 
boundary, as indicated by the white area in Figure 4.14. The S4LP gradually increases in thickness from 
the west towards the east until it reaches the mine boundary. The unit ranges from 0 m to 2 m within 
the mine boundary (Figure 4.14). In the vicinity of the mine boundary the S4LP thickness increases 
exponentially until it reaches a maximum thickness of just under 22 m between the mine boundary 
and the eastern study boundary. The thickness gradually decreases away from the maximum thickness 
toward the eastern study boundary where the unit averages between 6 m and 12 m. The increase in 
thickness from the western boundary appears to be in a parallel manner towards the east.  
Toward the west, a small elongated ridge stands out in comparison to the surrounding areas and 
resembles a channel feature. The ridge area has a thickness of between 0.8 m and 2 m, while the 





     
Figure 4.14: The S4LP thickness distribution.  
 
4.3.1.2 Roof and floor grids 
 
The floor and roof elevation of the S4LP displays the same trend with a south-western dip direction. 
The highest elevations are found in the north-eastern corner and the lowest elevation in the 
southwestern corner. The influence of the thick S4LP deposits in the east is visible in Figure 4.15 (red 
circles), where the elevation pattern changed from the floor to the roof elevation due to the thick S4LP 




Figure 4.15: The floor (A) and roof (B) elevation of the S4LP. The grids display changes towards the 
east where the S4LP is the thickest. The red circles indicate the difference the S4LP thickness made to 
the roof elevation, creating a gentle gradient compared to the steep gradient in the floor. 
 
4.4. Facies assemblage 
 
In coal mining terms, the in-seam clastic sediments are divided into either “hard” or “soft” lithologies, 
dependent on how hard they are to cut underground. Hard lithologies consist of sandstone, 
conglomerate and granulestones, while soft lithologies consists of mudstone, siltstone, interbedded 
sandstone and siltstone, coal, shale and carbonaceous shale. For mining purposes, it is important to 
understand where the “hard” and “soft” lithologies are located. To visually display the distribution of 
the hard lithologies, which are more difficult to mine, a plan was created displaying the total thickness 
distribution of hard lithologies (Figure 4.16). The total thickness of the hard lithologies was divided by 
the total clastic material thickness (“hard” and “soft”), and multiplied by 100 to determine the 
percentage of hard inorganics. 
When looking at the overall distribution of the individual facies, it was noted that there is a distinct 
increase in sandy material towards the eastern portion of the study area within the S4LP unit and vice 
versa with the silty material that increases towards the western portion of the study area (Figure 4.16). 
There is a clear and sudden divide between the sandstone-dominated “hard” facies and the siltstone 
dominated “soft” facies near the mine boundary, as indicated by the dotted line in Figure 4.16. This 
divide also corresponds to the area where the in-seam S4LP exponentially increases in thickness, as 
displayed in Figure 4.14. The siltstone-dominated facies contains between 0-40% “hard” lithologies, 
while the sandstone-dominated facies contain between 60-100% “hard” lithologies.  
A west-east transect line across the study area was used to create a profile with available photographs 
to discuss the facies assemblages on each side of the divide. The siltstone-dominated facies are found 
west of the divide and the sandstone-dominated facies east of the divide (Figure 4.16). Boreholes 
named A, B, C, D and E were used to discuss the siltstone-dominated facies and boreholes F, G and H 





Figure 4.16: The distribution of “hard” lithologies over the study area indicating the divide (dark blue 
dashed line). The transect line runs almost perpendicular to the divide across the study area, which 
borehole photographs are used to illustrate the facies assemblages. 
 




The sandstone-dominated facies are found towards the east of the study area in the area where the 
thickness is between 2-23 m (Figure 4.14 and Figure 4.16). Massive sandstone, cross-bedded 
sandstone, low-angle cross-bedded sandstone are the most common facies found within the area 
throughout the east, along with minor interlaminated sandstone-siltstones (flaser, wavy, lenticular), 
planar lamination sandstone-siltstones, cross-laminated sandstone-siltstones, carbonaceous 
siltstones and coal (Figure 4.17). Medium-to coarse-grained sandstones are found at the base and in 
the middle of the unit. The thick massive sandstone in the middle of the unit makes up most of the 
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depositional sequences and contains cross-bedded sandstone and low-angle to planar cross-bedded 
sandstones (Figure 4.17; Boreholes F, G and H). The basal sandstone contain fine-grained 
carbonaceous material, like siltstones and coal, as rip-up clasts within the facies (Borehole G). 
 
 
Figure 4.17: West-east profile in the study area east of the divide between the sandstone-dominated 
facies and the siltstone-dominated facies.  
 
Boreholes numbered F, G and H shows upward-fining and consist of various individual upward-fining 
cycles. Each cycle starts with a medium-to coarse-grained sandstone at the base and ends with a 
carbonaceous siltstone or shale, interbedded sandstone-siltstones or coal at the top (Figure 4.17 and 
Figure 4.18). Borehole G is thicker than the neighbouring boreholes (F and H) and reaches a thickness 
of 21.1 m with the inclusion of rip-up clasts at the base of the unit. The underlying C4LBB coal unit is 
absent in borehole G. The geometry of the sandstone body of the channel is parallel with the channel 





Figure 4.18: West-east profile in the study area east of the divide between the sandstone-dominated 
facies and the siltstone-dominated facies. Photographs are included to show some of the facies 




The sand-dominated facies towards the east of the study area consists of multiple upward-fining 
successions where massive sandstones grade into interlaminated sandstone and siltstone, siltstone 
and carbonaceous shale and coal (Figure 4.17 and Figure 4.18). Massive sandstones with low-angle 
cross-bedded and cross-bedded forms the base of each succession and make up most of the 
succession. All three sandstone facies formed under relative high flow velocities with intermittent 
lower energy conditions responsible from the formation of the thin mica and silt drapes. The sands 
and gravels in a fluvial system are mostly confined within the channels (Blatt et al., 1980). The 
presence of rip-up clasts within the basal sandstones within the massive or cross-bedded sandstone 
facies suggest erosive based channel deposits (Figure 4.4). Borehole number G is possibly in the middle 
of the channel with a scoured base. Channels usually have concave-up erosional bases (Miall, 2006), 
and based on the lateral continuity found in the cross-section, there is a very shallow concave-up base.  
The change from massive sandstones to sandstone-siltstone sub-facies indicates a change from 
relative high flow dominant, bedload traction processes to a bedload traction and suspension settling 
process. Miall (2006) describes channel fills as fining-upwards successions that reflect the process of 
progressive abandonment of a channel or the plugging action of a dynamic event like a flood. When 
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the water supply becomes sluggish in the abandoned channel, deposition will result from suspension 
settling with the final fill of any channel deposit most likely to be overbank sedimentation (Nichols, 
2009). Borehole H is the only borehole with a carbonaceous shale at the base, rather than a sandstone 
facies. 
In summary, the high proportion of medium-to coarse-grained “hard” sandstone (+60%) within the 
area and the multiple fining-upwards successions and rip-up clasts within the shallow concave-up 
erosional base, suggest a bedload fluvial channel deposit. 
 




The siltstone-dominated facies covers the largest portion of the study area. The succession is wedge 
shaped and dips away from the sandstone-dominated facies until it pinches out at the western 
boundary. The wedge is 4-5 km wide, lies parallel with the sandstone-dominated facies, and reaches 
a thickness of up to 2 m at the divide (Figures 4.14). The hard inorganic thickness percentages range 
between 0-40% with isolated areas containing higher “hard” inorganic percentages (Figure 4.16). 
The rhythmically interlaminated sandstone-siltstone is the dominant facies, and consists of 
interlaminated sandstone-siltstones, including flaser, wavy and lenticular laminated sandstone-
siltstone sub-facies. Carbonaceous siltstone/shale, planar laminated and cross-laminated sandstone-
siltstone sub-facies and coal facies are also present. The sandstones are fine-to medium-grained and 
decrease in grain size towards the west, with the very fine-grained, finely laminated, carbonaceous 
and micaceous siltstone found throughout the area. The sandstone content gradually decreases 
towards the west, showing an inverse relationship with the siltstone content, which increases towards 
the west. The rhythmic sand-and siltstone comprise mostly horizontal lamination with some cross-
lamination near the top close to the divide (borehole E; Figure 4.19 and Figure 4.20). Coal bands are 
found within the silty material towards the west of the study area (Figure 4.19 and Figure 4.20; 
Borehole A and C).  
The vertical trend shows a minor upward-coarsening cycle with very fine-grained siltstones at the base 
grading into millimetre thick bedding and planar lamination of siltstone-sandstone facies. A profile 
was created from the transect line in Figure 4.16 and displayed below (Figure 4.19), along with a profile 





Figure 4.19: Profile from the transect line through boreholes A, B, C, D and E in the siltstone-dominated 
facies west of the divide. 
 
 
Figure 4.20: Profile from the transect line through boreholes A, B, C, D and E in the siltstone-dominated 








The predominance of fine-grained deposits in the area suggests a floodplain depositional 
environment. Floodplains are found among and beyond river channels, which are subjected to 
flooding events (Miall, 2006). During flooding events, the water flows over the river banks onto the 
floodplain where floodplain and overbank deposits occur. Suspension load sediments are the main 
contributor to these deposits and consist of clay, silt and fine sand, deposited as thin sheets over the 
floodplain that show horizontal lamination (Nichols, 2009). The sand is first deposited as crevasse 
splays, followed by fining upwards silt, creating rhythmically bedded units of silty, sand units, where 
each sedimentary rhythm represents a flood event (Farrell, 1987). The presence of lamination 
suggests a low energy environment following the flooding event (Selley, 1976). The sand and silt 
sheets are the thickest close to the channel margin, due to coarser suspended loads being dumped 
quicker by floodwater. Slow settling of fine material will take place further away from the channel 
margin. This corresponds with the prominent increase in fines to the west with more interbedded 
sandstones and siltstones towards the east (Figures 4.19 and Figure 4.20).  
Low-lying areas such as ponds and lakes within the floodplain get flooded and remain saturated and 
waterlogged for longer periods. Miall (2000) suggests that these ponds will gradually become silted 
up by floodplain fines after prolonged periods of suspension settling depositing more fine-grained 
deposits sometimes interbedded with peat and other organic remains. Towards the western portions 
of the study area, coal and carbonaceous shales are found furthest away from the channel (Figure 
4.19 and Figure 4.20). McCabe (1987) established that the influx of inorganic material from overbank 
flooding dilutes the organic content causing the formation of carbonaceous shales and silt rather than 
coal. In areas where peat was not influenced by the influx of inorganic material, coal formed rather 
than carbonaceous shales and siltstones. 
Miall (2006) describes levees as containing rhythmical bedded units consisting of silty, ripple-
laminated sand where each sedimentary rhythm represents a fluvial flood event. Levee deposits fine 
away from the channel margin and thin in the form of a tapering wedge. This correlates with the 
wedge shape of the horizon that pinches out towards the west and increases in thickness towards the 
east (Figure 4.19 and Figure 4.20). Overbank sedimentation is perpendicular with the sandstone 
dominated facies due to the flow direction of the water over the riverbanks during floods, and 
decrease in thickness in a parallel fashion away from the source. Miall (2000) describes levees as 
striking parallel with channel margins and can be compared with the data shown in Figure 4.14. The 
high proportion of organic material suggests a plant-rich environment. 
Miall (2000) describes overbank sedimentation as important constituents of deposits by rivers that 
consists of fine-to medium-grained sedimentary loads. Floodplain facies from braided rivers display a 
fining-upwards succession with coarse channel deposits and fine sand, silt and clay laid down as 
overbank sediment (Brierley, 1991). This correlated with the finding of a minor upward-fining cycle 
within the floodplain. Braided river floodplains are usually only a few kilometres wide (±4 km wide in 
study area), while meandering river floodplains can reach up to 22km (Latrubesse and Kalicki, 2002). 







4.4.3 Palaeoenvironment reconstruction 
 
River channel deposits can only be preserved when the river switches position by either shifting 
sideways or if the channel changes position on the floodplain. This process is known as avulsion, 
causing a river to avulse and abandon its old course and scour a new channel into the sediment or 
peat surface (Nichols, 2009). The fluvial channel described earlier in the eastern portion of the study 
area changed course and shifted laterally towards the west to form a new course and incise into the 
underlying backswamp peat (Figures 4.17 and Figure 4.18). The influx of clastic material into the peat 
swamp disrupted peat formation. 
The fine-to coarse-grained sandstone channel body is linear, as seen in Figures 4.14 and Figure 4.16, 
and forms part of the Bethal palaeochannel (Figure 2.7; as described by Stavrakis, 1989) during 
deposition of the C4L. Horne et al. (1978) describe lenticular, linear fining-upwards, sandstone bodies 
(up to 11 km wide and up to 25 m thick), with scoured bases with pebbly material and coal fragments, 
as the dominant form in upper delta/fluvial plains. Only the western portion of the channel sandstone 
body lies in the study area, but the channel extends up to a width of 20 km according to Stavrakis 
(1989) and reaches a thickness of over 22 m within the study area (Figure 4.14, 4.17 and 4.18). On the 
eastern boundary of the Bethal palaeochannel, the Davel Coalfield’s Number C Coal Seam was also 
influenced by an upward-fining fluvial system flowing towards the south (Steyn and Beukes, 1979). 
Modern braided river systems are characterized by a high width to depth ratio (Latrubesse, 2015). 
The massive sandstone bodies widen upward in cross-section within the upper delta/fluvial plain and 
have been deposited in the channels and flanking levees of braided streams (Horne et al., 1978). These 
descriptions are consistent with the channel deposits found in the study area with multiple upwards-
fining successions, scoured bases with rip-up clasts within a linear sandstone dominated body (Figure 
4.16, 4.17 and 4.18). Horne et al. (1978) found vertical successions throughout the Kentucky fluvial, 
upper delta plain deposits that are comparable with the succession found within the study area (Figure 
4.21). Fluvial scouring before and during deposition of the C4L by bedload braided channels into the 
underlying coal are documented by Le Blanc Smith (1980), Winter (1985) and Cairncross and Cadle 
(1988a, and b). The migration of fluvial systems produce the upward-fining succession within the 
sandbody where the sandbody’s thickness can exceed the channel’s thickness (Blatt et al., 1980). 
Fluvial sediments channel fill deposits can have various spatial relationships with the associated coal 
seam depending on the nature of the fluvial regime (Diessel, 1992). Rivers with coarser sediment loads 
are typical low-sinuosity, multiple-channels, which are more prone to channel avulsion than fine-
grained, suspension load rivers (Miall, 2006).  
Bristow (1987) studied the sandy braided rivers of the Brahmaputra River in Bangladesh and 
contributed to the interpretation of elements of the braided stream model, meandering stream model 
and anastomosis, and found that they all can co-exist. The channel sandstones found within the 
eastern portion of the study area resemble those found within the Brahmaputra River with the 
channel sandstone geometry running parallel to the channel axis and fluctuates in thickness (Figure 
4.17). Characteristic of all the fluvial models are found within the sandstone and siltstone dominated 
facies are comparably with the fluvial deposits of the Highveld Coalfield (Cadle, 1995). The dominant 
fluvial sedimentation style within the Highveld Coalfield have been shown to be braided by various 
authors (Le Blanc-Smith, 1980; Winter, 1985; Cairncross, 1986; Cairncross and Cadle, 1988). 
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Figure 4.21: Generalized vertical succession through the fluvial, upper delta plain deposits of 
Kentucky (USA) as described by Horne et al. (1979). The vertical succession is comparable to that 
found in the east of the study area. 
 
Nanson and Croke (1992) classify floodplains based on the river’s ability to transport and carry 
sediments and the erosional resistance of the floodplain alluvium at the channel boundary. The 
overbank sediments in the study area consist of mostly rhythmically interbedded fine-to medium-
grained sandstone-siltstones which were deposited in a wedge shape with an increase in fine-grained 
and suspension load deposits away from the sandstone body (Figures 4.19 and Figure 4.20). Braided 
river floodplains can be classified as a medium-energy non-cohesive floodplain (Nanson and Croke, 
1992). Large bed-load dominant rivers flowed basinward during C4L peat forming periods and drained 
the peat swamps (Le Blanc Smith and Eriksson, 1979; Cairncross 1980; and Winter, 1985). 
Coal seams are usually over 10 m thick with limited lateral extent in upper delta plains but between 
the lower and upper delta plains a transition zone exists where thick and wide coal deposits occur 
(Horne et al., 1978; Thomas, 2013). In the transition zone, peat is deposited on widespread platforms 
that are cut by numerous channels, and are thicker and wider than coals of the lower delta plain. The 
C4L is extensive and over 4 m thick in places. This suggests that the C4L was deposited in the transition 
zone between an upper delta plain and a lower delta plain. The exploitable coal seams within the 
Highveld Coalfield have accumulated within a lower and upper delta plain with fluvial environments 
as proposed by Le Blanc Smith (1980), Cairncross and Cadle (1988a, and b), Cairncross (1989) and 






The southward flowing fluvial system described by Stavrakis (1989), east of the study area, avulsed 
and abandoned its old position and scoured a new channel on the underlying peat within the eastern 
portions of the study area. Rip-up clasts are found in the basal facies of the channels. The fluvial 
deposits formed the S4LP deposits over most of the study area and increased in thickness from 
pinching out in the west to a maximum thickness of over 22 m in the east. The S4LP can be divided 
into a sandstone-dominated facies area consisting of “hard” clastic material in the east, with a sharp 
divide separating it from the flanking siltstone-dominated facies area consisting of “soft” clastic 
material towards the west.  
The various upward-fining successions of the channel deposits towards the east in the sandstone-
dominated facies suggest several systematic periods of abandonment. The fluvial system that 
deposited these upwards-fining facies are sand dominated, bedload and low sinuous. Various authors 
describes braided-fluvial systems as the dominant fluvial sedimentary style within the Highveld 
Coalfield. The rhythmically interbedded sandstone-siltstone, non-cohesive overbank deposits are 
found on the floodplain towards the west, in the siltstone-dominated facies area. The fluvial system 
avulsed, after deposition of the S4LP, back towards the east causing peat-forming conditions to 
reclaim most of the study area. 
The extensive and thick Number 4 Coal Seam, extensive floodplains and high-energy fluvial deposits 
within the channel suggests that the study area developed within a transition zone between an upper 
delta plain and a lower delta plain. Environments near channels are known to form splits within the 















Chapter 5: Geological Model of the Number 4 Lower Coal Seam 
 
A geological model was created, as described in Chapter 3, to understand the structural framework in 
which the Number 4 Lower Coal Seam (C4L) was deposited and the coal quality distribution over the 
study area. The C4L was divided into distinct units to get a more detailed understanding of the 
influence the in-seam parting had on the coal formation, quality distribution, and seam thickness. This 
information was used to determine if there is any relationship between the coal quality distribution 
and the thickness of the in-seam parting. This chapter focuses on the coal sub-seams but includes the 
clastic beds for better understanding of the spatial relationship between the lithologies. The coal and 
sedimentary units were divided into 6 distinct units from the base (C4LBA) to the top (C4LTD) as 
displayed in Figure 3.1.  
 
5.1 General stratigraphy 
 
Five profiles have been created across the study area to give a general understanding of the 
stratigraphy and the distribution of each unit. Three west-east profiles (WE-Nr 1, WE-Nr 2 and WE-Nr 
3) and two north-south profiles (NS-A and NS-B) were created, as indicated in Figure 5.1. 
  
Figure 5.1: The five profile lines through the study area. The black line represents the mine boundary 




5.1.1 North-south profiles 
 
Both profiles (NS-A and NS-B) indicate a southward dipping trend where the coal in the north is at a 
higher elevation than the coal in the south. The basal C4LBA coal is present throughout the area. The 
clastic S4LFL is present in profile NS-A (Figure 5.2), and pinches out towards the south. The S4LFL is 
only present towards the north in NS-B (Figure 5.3). The C4LBB coal is present over most of the area 
but is possibly eroded and very thin in isolated boreholes (Figure 5.3). The S4LP is found in both profiles 
(NS-A and NS-B) where it displays an increase in thickness towards the east. The thickest in-seam 
parting is found in the middle of the profile of NS-B. The C4LTC and C4LTD are found throughout the 
area. In profile NS-B (Figure 5.3) the C4LTC pinches out over an elevated area above the thick S4LP.  
 
Figure 5.2: NS-A profile through the study area displays a southward dip direction for all the coal units. 




Figure 5.3: NS-B profile through the study area indicating a southward dip direction. The S4LFL is only 
present in the north of the profile, and the C4LBB and C4LTC were possibly eroded or pinches out in 
isolated boreholes. The S4LP appears thickest in the areas where the C4LBB were eroded. 
 
5.1.2 West-east profiles 
 
There is an easterly elevation dip in all three west-east profiles (WE-Nr 1, WE-Nr 2 and WE-Nr 3)  with 
the eastern portion at a higher elevation and the western portions at a lower elevation (Figures 5.4, 
5.5 and 5.6). The C4BA is present throughout the area and is separated from the C4LBB towards the 
west by the S4LFL sedimentary parting (Figure 5.4 and 5.5). The S4LFL is present in WE-Nr 1 and WE-
Nr 2 (Figure 5.4 and 5.5) and pinches out towards the east, but is not present in profile WE-Nr 3 (Figure 
5.6) in the southern portion of the study area. The C4LBB is present throughout the study area but 
appears to be eroded or pinched out towards the east in places below the thick portions of the S4LP 
(Figure 5.5 and 5.6). The clastic S4LP increases in thickness towards the east and pinches out close to 
the study boundary in the west (Figures 5.4, 5.5 and 5.6). The C4LTC is found throughout the study 
area but pinches out towards the east against the elevated, thick S4LP (Figures 5.4, 5.5 and 5.6). The 
C4LTD covers the entire area and caps the area towards the east where the C4LTC did not develop 




            
Figure 5.4: WE-Nr 1 profile through the study area showing a western dip direction. The S4LFL is 
present towards the west but pinches out towards the east. The S4LP is at its thickest in the east and 
pinches out towards the west. 
            
Figure 5.5: WE-Nr 2 profile through the study area showing a western dip direction. The S4LFL is most 
prominent in the west and pinches out towards the east in the middle of the profile. The S4LP is at its 
thickest in the east and thins towards the west. 
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Figure 5.6: WE-Nr 3 profile through the study area. The dip direction is less prominent in this profile 
towards the south, showing a slight westerly dip direction. The S4LFL is not present in the profile with 
the C4LBA and C4LBB in direct contact with each other. The S4LP is thickest in the east and pinches 
out towards the west. 
 
5.2 Structure Grids  
 
A total of 146 vertical boreholes were used to create the structure grids to determine the floor and 
roof elevations above sea level, and the thickness of each unit. The roof grid for each surface was used 
as the floor grid for the overlying unit and stacked on top of each other. 
The roof and floor elevation of the C4L was compared to the pre-Karoo palaeotopography to 
determine if there is a relationship between features found within the seam and palaeotopographical 
highs and lows in the pre-Karoo. All the floor and roof elevations from all the units were compared to 
determine if there was any vertical elevation changes to the depositional surface during peat 
accumulation. 
The thickness grids are discussed individually to determine the characteristics, orientation and trends 
found within each unit, and how they are vertically related to the in-seam parting and adjacent units. 
Total inorganic grids were created for each coal unit to determine the thickness of inorganic material 
within the unit. The total inorganic grids are discussed with the quality grids to show the relationship 





5.2.1 Floor and roof elevation grids (m) 
 
The floor and roof elevation grids for all the surfaces (including the pre-Karoo) indicate a south-
western dip direction with the highest elevation located in the north-east and the lowest elevation in 
the south-west. Three small topographical high ridges can be seen in the pre-Karoo topography, which 
can also be seen in all six of the unit’s elevation grids. In Figure 5.7, the pre-Karoo elevation grid is 
compared to the C4LBA and the C4LTD to indicate the trend throughout the depositional succession 
and the effect the pre-Karoo palaeotopography had on the coal elevation. 
The C4LBA floor elevation indicates a smooth transition where the C3 merges with the C4L. The 
elevations range from the highest point in the north-east, over 1532 m (C4LTD), and the lowest point 
in the south-west, that has an elevation of below 1464 m (C4LBA). The elevation changes are gradual 
through the seam depositional succession with the only noticeable change occurring in the floor of 
the C4LTC horizon (Figure 5.8.E). The C4LTC floor elevation increases in the area where the S4LP below 
is at its thickest. 
 
 
Figure 5.7: Comparison between the pre-Karoo surface elevation (A), the C4LBA floor elevation (B), 
and the C4LTD roof elevation (C), indicating the influence of the pre-Karoo topography on the lowest 





Figure 5.8: The floor and roof elevation for each unit. (A) The C4LBA floor elevation, (B) The S4LFL floor 
or C4LBA roof elevation, (C) The C4LBB floor horizon or S4LFL roof elevation, (D) The S4LP floor or 
C4LBB roof elevation, (E) The C4LTC floor or S4LP roof elevation, (F) The C4LTD floor or C4LTC roof 
elevation, (G) The C4LTD roof elevation. The elevation changes are gradual from one unit to the next. 








This unit represents the C3 towards the west of the study area before it merges with the C4L towards 
the east (Figures 5.2, 5.4 and 5.5). The C4LBA ranges from 0.1-1 m in the west and increases in 
thickness towards the east ranging from 1-1.5 m (Figure 5.9). The coal increases in thickness towards 
the east after the two seams combined. Sporadic zones of thicker and thinner coal occur over the 
study area (Figure 5.9). The unit is well defined towards the west (C3) where the horizon is confined 
by the S4LFL and floor, but after the seams combine towards the east, the roof is more difficult to 
distinguish between the C4LBB and the C4LBA. The area towards the east (Figure 5.9) was not 
influenced by the overlying S4LFL and avoided possible erosion from the deposition of the overlying 
clastic S4LFL in the west, contributing to the thicker deposition. 
 
 
Figure 5.9: The C4LBA thickness grid distribution indicating an increase in thickness towards the east 






This unit consists of clastic material (mostly sandstone) and disrupted the deposition of coal to form 
a parting between the C4LBA and C4LBB in the north-western portion of the study area (Figures 5.2, 
5.4, and 5.5). The S4LFL reaches a maximum thickness of 2.98 m in the northwest, and pinches out 
towards the south-east. The areas where no S4LFL is found, is indicated in the white area of Figure 
5.10. This parting is not present in the south and east of the study area (Figure 5.10).  
 
Figure 5.10: The S4LFL thickness distribution in the study area. This unit is thickest in the north-west 










The thickness distribution ranges between 0.5 and 1.5 m, with isolated thicker and thinner areas 
(Figure 5.11). The unit thins towards the eastern boundary and has been eroded by the overlying S4LP 
(Figure 5.3, 5.5, 5.6 and 5.11). The S4LP contain rip-up clasts within the lowest sandstone units where 
it is at its thickest that suggesting erosion (discussed in detail in Chapter 4, Section 4.4). The overlying 
channel completely eroded the C4LBB in some of the areas where the S4LP is at its thickest (Figure 
5.11 and 5.12). The eroded white area is indicated in Figure 5.11 and delineates a channel morphology. 
There is a slight increase in thickness on the eastern study area boundary beyond the eroded area that 
was less influenced by the channel (Figure 5.11). 
 
Figure 5.11: The C4LBB thickness grid showing slight thinning towards the east. The white area 
indicates positions where the coal has been eroded and corresponds with the area where the overlying 








The S4LP parting gradually increases in thickness towards the east, from 0 m in the west to about 2 m 
near the mine boundary; it exponentially increases in thickness from 2 m to a maximum thickness of 
21.1 m past the mine boundary (Figure 5.12). Towards the west a small secondary structure causes 
the thickness to increase, relative to surrounding areas (Figure 5.12). The parting pinches out towards 
the west close to the study boundary and is indicated by the white areas in Figure 5.12. The S4LP was 
discussed in detail in Chapter 4, Section 4.3. 
 
   
Figure 5.12: The S4LP thickness distribution shows a rapid increase in thickness towards the east, 
beyond the mine boundary. The circled area is thicker than the surrounding areas, suggesting perhaps 









The C4LTC ranges between 0.5 and 1.5 m in thickness over the study area with isolated areas where 
it has variable thickness (Figure 5.13).The seam rapidly pinches out towards the east against the higher 
elevation of the S4LP (Figures 5.3, 5.4 and 5.6). The area where the C4LTC is thinner towards the west 
overlies a possible smaller, secondary channel formed in the underlying S4LP (Figure 5.12 and 5.13). 
The maximum thickness is 1.65 m close to the western boundary. The white areas in Figure 5.13 are 
where the C4LTC is absent. 
 
Figure 5.13: The C4LTC thickness distribution over the study area. The C4LTC pinches out against the 
topographical high areas created by the underlying S4LP towards the east. The red circled area 









The C4LTD unit is present throughout the study area and ranges between 0.5 and 1.5 m in thickness 
with the thickest areas in the northern and north-west regions (Figure 5.14). The south and south-
eastern areas display the thinnest coal with a minimum of 0.26 m. The circled area in Figure 5.14 has 
thinner coal relative to the surrounding areas, which corresponds with the thinner C4LTC coal that 
overlies an area in the S4LP where an elevated ridge is located (Figures 5.12 and 5.13). 
 
Figure 5.14: The C4LTD coal thickness distribution over the study area. The circled area highlights 








5.3 Quality Grids 
 
The grids presented and displayed include the quality distribution in the form of the proximate 
analysis, RD and CV. The total inorganic thickness grid was created along with the structure grid, but 
is used in combination with the quality grids. The quality distribution from each successive coal unit is 
discussed, and the effect that the inorganic material or the in-seam parting had on the distribution, 
followed by an interpretation of the data. A total of 145 boreholes were used to create the coal quality 
grids for the four coal units. The data from all the proximate analysis is reported on an air-dried basis. 
The ash, RD and the total inorganics grids are grouped together to show the increase in values caused 
by the presence of inorganic material found within the coal. The CV, fixed carbon (FC), volatile matter 
(VM) and inherent moisture (MS) grids are grouped together to indicated the diluting effect on 
qualities that inorganic material have on the coal within each horizon. Clay, silt and sand particles 
makes the coal impure, increasing the ash content and RD and decreases the CV, FC, VM and MS 
(Nichols, 2009). The non-combustible (inorganic material) component of coal dilutes the coal, by 
displacing useful organic matter with inorganic matter, leaving an ash residue when the coal is burnt 
(Ward, 2002). 
 
5.3.1 C4LBA Grids 
 
5.3.1.1 Total inorganic grid 
 
The inorganic material found within the horizon is dominated by “soft” inorganic material consisting 
of carbonaceous shale, siltstone, and mudstone with minor “hard” sandstone.  The boreholes with 
more than 0.08 m of clastic sediments are found in close proximity to each other forming a linear 
pattern with the thickest inorganic deposits found in the middle of these features (Figure 5.15.A). 
These linear features are surrounded by large areas with almost no inorganic material, separating 
them into different features and are located in the middle of the study area with an east-west 
orientation. 
 
5.3.1.2 Ash percentage grid 
 
A wide ash percentage distribution is found over the study area and ranges from 10% to over 60% in 
certain areas with a mean average of 27.45% (Table 5.1). The high ash percentage can be attributed 
to the high inorganic content within the coal, and mimics each other throughout the study area. The 
lowest ash coals are located in the northern portion of the study area while the highest ash is found 
in the middle portion and towards the east. In the areas where inorganic material is reduced, the ash 






5.3.1.3 Relative density grid 
 
The relative density parallels the ash distribution grid by displaying a low relative density (between 1 
and 1.5 kg/m³) in areas where the ash percentage is between 10 and 20% (Figure 5.15.C). In areas 
where the ash percentage is high (+50%), the relative density is above 2 kg/m³. The largest area falls 
between the 1.5 and 2 kg/m³ with an average of 1.61 kg/m³. 
 
 
Figure 5.15: The C4LBA coal quality distribution: (A) Total inorganics grid; (B) Ash percentage grid; (C) 
Relative density grid; (D) West-east schematic profile indicating position of C4LBA. The ash content 




Table 5.1: Summary of the quality values derived from the grids for the C4LBA coal.
 
 
5.3.1.4 Calorific value grid 
 
The CV grid indicates relatively uniform values from 20 to 30 MJ/kg with an average value of 21.56 
MJ/kg (Table 5.1). In the areas with the high inorganic content, the averages are below 20 MJ/kg, and 
drop to below 10 MJ/kg at the centres of the high inorganic areas (Figure 5.16.A). 
 
5.3.1.5 Fixed carbon grid 
 
The FC ranges between 40 and 50%, with the exception of the area with the high inorganic content, 
where the percentage drops to below 20% (Figure 5.16.B). Isolated areas close to the boundaries have 
FC content of over 50%, although the cause of this increase is unclear from the present study. The 
average FC value is 41.59% (Table 5.1). 
 
5.3.1.6 Inherent moisture grid 
 
The largest area consists of a MS content between 3 and 4%, increasing towards the north where it 
varies between 4 and 5% (Figure 5.16.C). In the high inorganic areas the moisture drops to below 3% 
while the central portions show a drop to below 2%. The north-western corner has the highest MS 
content above 5%. The average MS content is 3.71% (Table 5.1). 
 
5.3.1.7 Volatile matter grid 
 
This grid displays VM between 25-35% with an average value of 27.27% (Table 5.1). In high ash areas 
the VM decreases to between 25-18% with some boreholes within these areas dropping to below 




Figure 5.16: The coal quality distribution for C4LBA: (A) Calorific value; (B) Fixed carbon; (C) Inherent 
moisture; (D) Volatile matter. The low values correspond with the increasing inorganic content. 
 
5.3.2 C4LBB Grids 
 
5.3.2.1 Total inorganic content grid 
 
The C4LBB is dominated by “soft” inorganic material consisting of carbonaceous shale, siltstone, and 
mudstone with minor sandstone. There is an increase in inorganic material towards the east with the 
thickest inorganics (over 0.8 m) found at the eastern boundary. The inorganic material in the east links 
with one prominent feature, visible in the middle of the study area displaying a west-east orientation. 
The thickness of the inorganic material increases towards the middle of the feature (Figure 5.17.A). 
This feature is surrounded by areas with almost no inorganic material. Isolated zones with inorganic 
material are located throughout the study area. 
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5.3.2.2 Ash percentage grid 
 
The ash percentage distribution found in the study area ranges between 20 and 40% with an average 
of 32.4% (Table 5.2).  The middle and the southern portions of the study area have the lowest ash 
percentage of between 20-30% with isolated higher ash areas, while there is a slight increase in ash 
percentage towards the north (Figure 5.17.B). Northwards, the ash percentage is between 30-40% 
and towards the eastern boundary the ash percentage gradually increase to over 60%. The eastern 
portion contains the highest ash percentage within the study area and correlates with the high 
inorganic content found within the horizon towards the east. 
 
5.3.2.3 Relative density grid 
 
The RD over the study area is consistent between 1.5 and 1.75 kg/m³ with isolated areas of lower and 
higher values (Figure 5.17.C). There is a gradual increase in relative density towards the eastern study 
boundary, past the mine boundary, to over 2 kg/m³. The average RD is 1.76 kg/m³ over the study area 





Figure 5.17: The C4LBB coal quality distribution: (A) Total inorganics grid; (B) Ash percentage grid; (C) 
Relative density grid; (D) West-east schematic profile indicating position of the C4LBB. The qualities 
decrease where inorganic material is present and show a general increase in ash content and relative 
density towards the east.  
 







5.3.2.4 Calorific value grid 
 
The CV grid shows inverse values compared to the ash grid and has an average value of 19.57 MJ/kg 
(Table 5.2). Lower ash areas in the middle and south cover most of the study area and have higher 
calorific values ranging between 20-30 MJ/kg, with isolated lower areas within, displaying lower 
energy release. There is a slight drop in CV towards the north of the study area (Figure 5.18.A). The 
northern area’s values average between 10-20 MJ/kg while there is a gradual decrease in CV to less 
than 10 MJ/kg towards the eastern boundary where it is the lowest. 
 
5.3.2.5 Fixed carbon grid 
 
The area consist of a FC content ranging between 30 and 50%, with an average of 39.34% (Table 5.2). 
Most of the study area falls between a 40-50% FC content with isolated areas of lower FC content. The 
lowest FC content is towards the eastern boundary where it gradually decline to below 20%. There is 
a slight decrease in FC content in the northern portions of the study area (Figure 5.18.B). 
 
5.3.2.6 Inherent moisture grid 
 
Most of the coal has a MS content between 3 and 4%, increasing northwards where it varies between 
4% and 5%. Towards the east there is a gradual decrease in MS content and averages between 2-3%, 
with isolated areas of similar values (Figure 5.18.C). The average MS content is 3.69% over the study 
area (Table 5.2). 
 
5.3.2.7 Volatile matter grid 
 
The largest middle and central areas have a VM content between 25-35% with isolated patches of 
lower values (Figure 5.18.D). There is a decrease towards the north and east, with the northern area 
dropping to between 18-25% and the eastern portion near the boundary to below 18%. The average 




Figure 5.18: The coal quality distribution for C4LBB: (A) Calorific value; (B) Fixed carbon; (C) Inherent 
moisture; (D) Volatile matter. The qualities decrease in areas where inorganic material is present and 
show a general eastward decrease. 
 
5.3.3 C4LTC Grids 
 
5.3.3.1 Total inorganic content grid 
 
Inorganic material is only found sporadically within the C4LTC with the thickest deposit of 0.65 m 
located towards the north-western boundary. Carbonaceous shales, siltstone and mudstones with 
minor sandstones are the predominant inorganic material. The thickest inorganics are found in the 
area where the unit is at its thinnest, causing most of unit to consist of inorganics (Figures 5.19.A and 
Figure 5.13). The underlying ridge in the S4LP is indicated by the red circle in Figure 5.19.A illustrating 
where the C4LTC is thinning and consist of mostly inorganic material. The thickness of the inorganic 
material increases towards the middle of the feature close to the north-western boundary. 
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5.3.3.2 Ash percentage grid 
 
The ash percentage ranges between 10-30%, with only the north-western areas with higher values 
between 30-80% (Figure 5.19.B). The circled area in Fig. 5.19.B highlights a higher ash percentage than 
surrounding areas and occurs in the same area where the C4LTC was thinner than the surrounding 
areas. No trend is noticeable towards the east where the C4LTC is absent. The average ash percentage 
is 22.83% over the study area (Table 5.3). The highest ash areas correspond with high inorganic 
content. 
 
5.3.3.3 Relative density grid 
 
The RD ranges between 1.25-1.75 kg/m³ with the lowest RD (1.25-1.5 kg/m³) coinciding with the low 
ash zones (10-20%), while the higher RD (1.5 - 1.7 kg/m³) coincides with the higher ash of between 
20-30%. In the highest ash areas, the RD is also at its highest, with over 2 kg/m³ (Figure 5.19.C).The 





Figure 5.19: The C4LTC coal quality distribution: (A) Total inorganics grid; (B) Ash percentage grid; (C) 
Relative density grid; (D) West-east schematic profile indicating position of the C4LTC. The circled 
areas overlies the elevated ridge in the S4LP. 
 







5.3.3.4 Calorific value grid 
 
The CV grid displays constant values between 20-30 MJ/kg (Figure 5.20.A). Towards the north-west an 
area with lower CV values (below 20 MJ/kg with isolated zones of below 10 MJ/kg) correlates with the 
elevated ash percentage between 30-80%. The average CV values of the study area is 22.63 MJ/kg 
(Table 5.3).  
 
5.3.3.5 Fixed carbon grid 
 
The FC content is constant over the area between 40-50% with slightly higher values towards the north 
and in the central portions greater than 50% (Figure 5.20.B). The average FC is 46.85% (Table 5.3). In 
the north-west, a semi-linear trend displays lower FC values (between 40-20%) that coincide with ash 
above 30%. 
 
5.3.3.6 Inherent moisture grid 
 
The MS content ranges between 3-5% and in the north, has values over 5% (Figure 5.20.C). The 
average MS content is 4.25% (Table 5.3). Higher ash correlates with lower moisture content of below 
3%. 
 
5.3.3.7 Volatile matter grid 
 
The VM is consistent over the study area and ranges between 25-35% with some areas displaying a 
lower VM content of between 18-25% (Figure 5.20.D). The lowest VM content (below 18%) coincides 





Figure 5.20: The C4LTC coal quality distribution: (A) Calorific value; (B) Fixed carbon; (C) Inherent 
moisture; (D) Volatile matter. The quality distribution is reasonably uniform over the study area except 
towards the north-west with high inorganic content. 
 
5.3.4 C4LTD Grids 
 
5.3.4.1 Total inorganic content grid 
 
The C4LTD contains carbonaceous shales, siltstones, mudstones and sandstone within the coal and 
these are most abundant in the north. This area also contains the thickest inorganic deposit (1.07 m) 
with several additional areas towards the west, southwest and southeast (Figure 5.21.A). These linear 
features are surrounded by areas with an absence of inorganic material. The cores of these contain 





5.3.4.2 Ash percentage grid 
 
The ash percentage over the study area ranges between 20-40%, with the average ash at 28.82% 
(Table 5.4). The ash percentage increases slightly to 30-40% towards the north, and correlates with 
the areas containing inorganic material, while a few areas towards the south display a decrease (10-
20%). Towards the north-west, a linear feature is present where the ash increases above 30%, and 
above 50% at the centre of the inorganic features (Figure 5.21.B). This correlates with the thinning of 
the C4LTC and C4LTD over an elevated small ridge from the S4LP horizon. 
 
5.3.4.3 Relative density grid 
 
The RD over most of the area ranges between 1.5 and 1.75 kg/m³ (Figure 5.21.C). The RD increases 
above 1.75 kg/m³ in the high ash areas in the north-west with the centres reaching densities of above 
2 kg/m³, together with other isolated areas. Towards the south the RD decreases to 1.25-1.5 kg/m³. 
The average density is 1.62kg/m³ over the study area (Table 5.4). 
 
Figure 5.21: The C4LTD coal quality distribution: (A) Total inorganics grid; (B) Ash percentage grid; (C) 
Relative density grid; (D) West-east schematic profile indicating position of the C4LTC. The circled 
areas shows the area overlying the ridge in the S4LP. 
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Table 5.4: Summary of the quality values derived from the grids for the C4LTD coal.
 
 
5.3.4.4 Calorific value grid 
 
In the north, the CV is inverse to the ash content, for example where the higher ash is 30-40%, the CV 
is 10-20 MJ/kg. The lower ash areas (20-30%) average between 20-30 MJ/kg in the south (Figure 
5.22.A). The linear features with the lower CV (between 10-20% with areas below 10% in the centres) 
occur towards the north-west, correlating with the higher ash (between 30-80%), where the C4LTD is 
thinning. The average CV of the grid area is 20.62 MJ/kg (Table 5.4). 
 
5.3.4.5 Fixed carbon grid 
 
The FC content is stable over much of the study area, between 40-50%, at a mean average of 44.09% 
(Table 5.4). There is a few areas in the south where the FC increases to greater than 50% (Figure 
5.22.B). The high inorganics areas with a high ash value (between 30-80%) corresponds with lower FC 
content of between 10-40%. 
 
5.3.4.6 Inherent moisture grid 
 
The MS displays no trends over the study area and averages between 3-5%, with an average MS of 
4.12% (Table 5.4). The MS content increases northwards to values of over 5%. Areas that correlate 
with high ash percentages display a lower MS content of between 2-3% (Figure 5.22.C) 
 
5.3.4.7 Volatile matter grid 
 
The VM in the study area is mostly between 18-25% with the high ash areas causing the VM to 
decrease to below 18%. There is an increase in VM eastwards and ranges between 25-35% with single 
areas up to 45% (Figure 5.22.D). The reason for these single areas with up to 45% VM is unclear from 




Figure 5.22: The coal quality distribution for the C4LTD unit: (A) Calorific value; (B) Fixed carbon; (C) 







The floor and roof elevation of all six sub divisions (C4LBA, C4LFL, C4LBB, C4LP, C4LTC and C4LTD) 
follow the same trend, indicating a southerly dip direction, with the highest elevations found in the 
north-eastern portions and the lowest elevations found in the south-western portions of the study 
area (Figures 5.2, 5.3, 5.7 and 5.8). The southward dipping seam elevation can be seen in Figure 2.3 
where the Karoo Supergroup lithologies pinch out towards the north against the pre-Karoo and 
deepens towards the south. Jordaan (1986) describes the thickness variations of the Karoo strata in 
the Highveld Coalfield, where thin strata are located in the north and strata in excess of 300 m are 




Cadle et al. (1993) suggest the topography and lithological diversity of the pre-Karoo basement were 
major controlling factors for peat distribution and sedimentation. The lower coal seams were 
restricted within the scoured basement elongated valleys created by the northward retreating ice 
sheets (Snyman, 1998). Wybergh (1922) described the Highveld and Witbank coal seams as flat-lying 
with a southerly dip direction, which was influenced by southward flowing rivers, draining the 
swamps. These southerly flowing rivers deposited clastic material, which filled the valleys from the 
deepest portions in the south and formed the base of the higher coal seams. Although the depressions 
of the pre-Karoo floor was covered by these clastic sediments, the palaeotopography is still reflected 
within the higher coal seams (Snyman, 1998). Small ridges can be seen within the pre-Karoo 
topography in the study area, and transcends throughout the coal seam elevations of the floor and 
roof of all the units (Figure 5.7). This implies that the pre-Karoo basement has an influence on the 
geometry of the coal seams as well as the coal seam thickness and coal distribution. 
Each of the six different units display a different thickness distribution pattern over the study area. 
The basal C4LBA is present over the whole study area and displays an increase in thickness towards 
the east after the C3 and C4L merge (Figure 5.9). The overlying sedimentation from the S4LFL may 
have influenced the thickness distribution towards the east and eroded some of the underlying coal 
during deposition. Cadle (1995) describes the parting between the C3 and the C4L as a sandstone body 
with an erosive base due to the carbonaceous siltstone matrix confined within the granule 
conglomerate and sandstone at the base of the deposit. Cadle (1995) found rip-up clasts present 
within the basal 50 cm of the sandstone-dominated deposit. The S4LFL is only present in the north-
western portion of the study area where it increases in thickness towards the north-west and pinches 
out in the middle of the study area towards the south-east (Figure 5.10). 
The C4LBB was deposited throughout the study area with a slight increase in thickness towards the 
west, deeper into the basin (Figure 5.11). Peat usually thickens away from the influence of levees and 
channel belts, further into the backswamps (Fielding, 1985). The thickest coal seams are found in 
poorly drained, low lying areas furthest away from fluvial influences (Winter, 1985). Post-depositional 
fluvial events from the S4LP eroded the C4LBB eastwards where a channel feature can be delineated 
from the areas where it has been completely eroded, surrounded by areas where the C4LBB is thinner 
(Figure 5.11). Rip-up clasts are found at the base of the overlying clastic S4LP. 
An influx of clastic material covered most of the study area during deposition of the S4LP, which 
pinches out near the western boundary of the study area and increases in thickness towards the east. 
There is a gradual parallel increase in thickness towards the east (Figure 5.12). Approaching the mine 
boundary, the parting exponentially increases in thickness from 2 m to a maximum of just over 21 m 
beyond the mine boundary. The thickest portions towards the east are believed to represent the axis 
of the channel in the study area. Where the S4LP is thickest, the underlying C4LBB have been eroded 
(Figures 5.11 and 5.12). Winter (1985) found that post-depositional fluvial erosion, resulted in the 
widespread removal of underlying peat in the Highveld Coalfield. Cairncross (1989) found that several 
coal seams in the Highveld and Witbank Coalfield were disrupted by post-depositional erosion of 
channels. The distribution of the thickness of the S4LP is parallel with the proposed channel position 
and displays a linear geometry orientated in a north-south direction (Figure 5.12). Towards the north-
east a localised area displays an increase in thickness compared to the surround area in an elongated 
shape that forms a small ridge protruding upwards into the floor of the overlying unit. This feature 
can be described as a floor roll that formed from the continuation of a small river during deposition 




The C4LTC is present throughout the study area and pinches out against the elevated high areas in the 
eastern portions created by the thick deposits of the underlying S4LP (Figure 5.13). Cadle (1995) found 
that the Number 4 Lower Coal Seam thins, and pinches out against fluvial channels. The seam 
thickness and coal distribution is directly influenced by the underlying palaeotopography and has been 
documented by several authors in the Highveld and Witbank Coalfield (Le Blanc Smith, 1980; Winter, 
1985; Cairncross and Cadle, 1988a, 1988b; Hagelskamp and Snyman, 1988; Holland et al., 1989; Cadle, 
1995; and Francis, 2019). Although most of the studies have been conducted on the lowermost seams, 
the same principle can be applied to the upper seams. The thickness of the C4LTC is uniform over the 
rest of the study area except overlying the elevated small ridges in the north-east created by the 
underlying S4LP (Figures 5.12 and 5.13). These elevated highs are creating small floor rolls underneath 
the C4LTC. Cairncross (1980) found that the coal thickness above the apex of an in-seam channel is 
thinner than the surrounding areas, and can be attributed to compaction. He explained that the 
channel flanks acted as glide planes from which the peat slid down, leaving a thin coal layer behind. 
Winter (1985) suggests that these elevated underlying fluvial deposition, inhibit differential 
compaction of the overlying peat, resulting in thinner overlying peat deposition. 
The C4LTD covers the entire study area and thins towards the south-eastern boundary and increases 
in thickness towards the north-west (Figure 5.14). An elongated area towards the north-west is 
thinner than the surrounding areas. This correlates with the thin area is the underlying C4LTC, which 
overlies the small ridge in the S4LP. The thinning of the seam towards the south-east can be attributed 
to the proximity of an underlying palaeochannel (Figure 5.14). The coal thins towards the apex of an 
underlying palaeochannel due to differential compaction of the overlying peat (Ward, 1984). 
 
5.4.2 Qualities  
 
Ward (2002) describes coal as consisting of two distinct classes of material: organic components 
(macerals) and inorganic components (mineral matter). Mineral material found within the coal seam 
influences the quality and the grade of the coal, and can be found in the form of fine grains or 
aggregates, large irregular aggregates or nodules, lenses or bands either in the coal or as discreet 
inorganic layers, or as secondary precipitates in cracks and fractures within the coal (Falcon and Ham, 
1988). The dominant distribution of inorganic mineral matter within each coal unit is from in-seam 
bands and lenses of siltstone, mudstone and carbonaceous shales with minor sandstone as described 
earlier in the chapter. These bands and lenses were either aeolian derived or washed in by river water 
during floods (Ward, 2002). The sediments within the streams became entrapped by the resilient 
flanking vegetation (Cadle et al., 1993). 
Intra-seam sedimentation had a significant influence on the coal quality. Mineral matter contributes 
little to almost nothing to the value of coal, but rather dilutes the coal leaving an ash residue after the 
coal is burnt (Ward, 2002). All the coal experienced the diluting effect of the intra-seam sedimentation 
within the study area (Figures 5.15, 5.16, 5.17, 5.18, 5.19, 5.20, 5.21 and 5.22). The affected areas 
have a higher ash percentage and RD with an inverse relationship between the total inorganics, ash 
percentage and RD and the remaining parameters (FC, VM, MS and CV). When coal contains significant 
amounts of mineral matter, the RD (kg/m³) and ash yield percentage will increase (Ward, 1984). In the 
areas where the mineral matter content is high, the FC, VM, MS and CV declines. The C4LBB is the only 
coal unit that exhibits a gradual, homogenous trend towards the east where the ash percentage and 
RD increase towards the study boundary (Figure 5.17). This trend shows that the fluvial system 
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(described in Chapter 4, Section 4.4), near the eastern boundary, is adversely affecting the coal 
qualities rather than the overlying in-seam parting (S4LP). 
The percentage of inorganic material found in the coal inversely relates to the grade of the coal. The 
grade of coal is best determined by analysing for ash content (Snyman, 1998). Three of the coal units 
are classified as moderately high ash coals, based on their ash yield following ISO/FDIS 11760:2018 
(E). The C4LBB contains the highest percentage of ash and represents a high ash coal (Table 5.5). The 
coal ash percentage increases from C4LBA to C4LBB, and increases from C4LTC to C4LTD, in two 
upward-increasing cycles separated by the S4LP. 
Table 5.5: Ash yield classification of the four coal units, following ISO/FDIS 11760:2018(E). 
 
 
5.4.3 Palaeoenvironmental influence on qualities 
 
Coal forms from organic vegetation that accumulated in waterlogged backswamp or marsh 
environments that was not subjected to large volumes of clastic influx (Falcon, 1986a). Flat, low-lying 
areas with no water movement are the preferential position for coal formation. The carbonaceous 
shales, siltstones, mudstones and minor sandstone lenses found within the coal represents influences 
by small, low energy channels within the swamp (Thomas, 2013). After flooding events, the fine-
grained clastic material settled out from suspension into swamp lakes and ponds associated with 
nearby channel activity in the swamp (Hagelskamp, 1987). From the location of the inorganic material 
found within the coal and the supported quality parameters, these channels can be defined within the 
study area (Figures 5.15, 5.16, 5.17, 5.18, 5.19, 5.20, 5.21 and 5.22). Ward (2002) describes intra-seam 
channel-fill bodies (including sand-sized quartz, silt and clay bands) to form within the peat bed where 
the vegetation acted as a filter to prevent the sediment from penetrating beyond the peat bed margin. 
The inorganic material from the streams become entrapped by the resilient vegetation of the flanking 
peat (Cadle et al., 1993). As described earlier, these small, low energy channels had a profound 
influence on the qualities of the coal. Where there was an increase in inorganic material, the ash 
percentage and RD increased with the inverse effect on the FC, VM, MS and CV, which decreased 
(Figures 5.15, 5.16, 5.17, 5.18, 5.19, 5.20, 5.21 and 5.22). 
Fluvial channels and overbank sedimentation close to peat swamps introduce clastic sediments into 
the peat, diluting the qualities of the peat (Winter, 1985). Winter (1985) proposes an increase in 
inorganic material closer to fluvial channels, resulting in an increased the ash content, and lowering 
of the VM and CV of the Number 4 Coal Seam. This is evident in the C4LBB towards the east where 
there is a gradual increase in ash content and inorganic material (Figure 5.17). The remaining coal 
units are not influenced by major fluvial channels, but rather affected by smaller localised channels 
that flowed during flood events. 
 
Coal horizon
Mean ash yield % by 
mass dry basis
Ash class category
C4LTD 28.82% Moderately high ash
C4LTC 22.83% Moderately high ash
C4LBB 32.40% High ash
C4LBA 27.46% Moderately high ash
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The C4LTC and C4LTD coals overly a small ridge in the S4LP (Figure 5.12) towards the north-west, 
where both are thinnest above the ridge (Figures 5.13 and 5.14). The inorganic content, ash 
percentage and RD is high in the area as well as lower MS, FC, VM and CV (Figures 5.19. 5.20, 5.21 and 
5.22). This indicates the presence of a small channel in the ridge area contributing to the qualities 
found in that area. Cairncross (1980) found that the coal overlying a palaeochannel has a higher ash 
content than peat further away from the channel, and due to the elevation, peat underwent partial 
oxidation causing the higher inherent ash content (Cairncross, 1980). Similarly, Hagelskamp and 




Six units constituting the C4L have been discussed of which four are coal and two are clastic partings. 
The C3 and the C4L merges to form the C4LBA. The C4LBA is split from the C4LBB in the north-west by 
the clastic S4LFL parting. The C4LBB overlies the S4LFL parting in the north-west and the C4LBA in the 
south-east. The clastic S4LP parting increases in thickness towards the east and overlies the C4LBB. In 
the areas where the S4LP is thickest, the underlying C4LBB has been eroded. The C4LTC overlies the 
S4LP but did not develop eastwards due to the elevated deposits from the S4LP. The C4LTD covered 
the entire study area and thins towards the south-east.  
All six units have been influenced by the pre-Karoo palaeotopography and have a southward dipping 
elevation with the highest positions found in the north-east and the lowest positions in the south-
west. The pre-Karoo palaeotopography formed ridges that influenced the coal and parting 
successions. 
Smaller channels that formed through flooding events played a major role in the quality distribution 
of the coal. These small channels deposited fine-grained inorganic material in the form of lenses and 
bands of carbonaceous shale, siltstone, mudstone, sandstone and shale within the coal. Within these 
channels the inorganic content increased with the ash and relative density. The presence of inorganic 
material within the coal has the inverse diluting effect on the VM, FC, MS and the CV. Only the qualities 
of the C4LBB were likely influenced by the large fluvial channel system in the east with qualities of the 
coal deteriorating near the channel. 
In the area where a coal unit overlies a ridge or elevated area, the coal thins due to differential 
compaction. The elevated peat overlying the ridges underwent oxidation due to the exposure to air 
causing a decrease in coal quality. The four coal units each have a unique quality distribution. The 
qualities within the study area remained consistent, apart from those influenced by the intra-seam 
inorganic material. From the available data there appears to be no relationship between the coal 












The petrography was used to reconstruct the palaeoenvironment and to determine the influence 
thereof the coal type, grade and rank of the Number 4 Coal seam (C4L). Borehole numbers 5, 6, 7, 8 
and 9 were drilled specifically for this study and form the backbone of the detailed petrographic study 
(Figure 6.1). The boreholes were logged and sampled followed by detailed maceral analysis (Chapter 
3). Historical SABS data were used towards the west of the drilled boreholes to supplement the study 
boreholes, namely boreholes number 1, 2, 3, and 4 (Figure 6.1) to create a complete west-east 
transect line through the study area. These selected boreholes only have basic maceral analysis and 
were used to compliment the five study boreholes. The four coal units will be discussed throughout 
the chapter from the bottom (C4LBA) to the top (C4LTD). 
 
                   
Figure 6.1: West-east transect line across the study area, indicating the position of boreholes used 
for the petrographic study. Boreholes 5, 6, 7, 8 and 9 were drilled specifically for this study with 
detailed maceral analysis done on the samples (red numbers).  
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6.2 Vitrinite reflectance 
 
The vitrinite reflectance data was used to determine the rank or maturity level of the coal for each 
unit. Only the five study boreholes (5, 6, 7, 8 and 9) were used, following the west-east section through 
the area (Figure 6.1). All the samples were analysed by SABS. The mean random vitrinite reflectance 
and the maximum vitrinite reflectance are indicated in Table 6.1. No samples were available for 
borehole 9, C4LBB and C4LTC. The C4LTC did not develop in the area and the C4LBB was absent, as 
discussed in Chapter 5. 
The results in Table 6.1 indicate that the rank is uniform over the study area, and the samples are 
interpreted as Medium Rank C bituminous coal with two samples from C4LTD interpreted as Medium 
Rank D bituminous coal, using the ECU-UN (1998) international coal classification system. The lower 
reflectance readings in some samples may be related to the low vitrinite, high inertinite and mineral 
matter content found in the samples (Falcon and Ham, 1988). The C4LTD has higher proportions of 
inertodetrinite and mineral matter content and lower vitrinite content in comparison with the other 
units. The results correlate with previous interpretations as stated in Wagner et al. (2018) and Snyman 
(1998) in that the Highveld Coalfield’s coal rank ranges between Medium Rank C and D bituminous 
coal. Mukhopadhyay (1994) suggest that the lower vitrinite reflectance can be caused by lithological 
variations and differences in heat capacity and thermal conductivity through the area. Coal within the 
Vryheid Formation was never subjected to intense tectonic stresses, high geothermal gradients or 
deep burial, but rather formed on shallow shelves on stable continental platforms resulting in the 
range of rank between subbituminous to medium bituminous (Cadle et al., 1993). 
 
Table 6.1: Vitrinite reflectance and rank of the different units along the transect line identified in 







Borehole number 5 6 7 8 9 Average Rank category
Random reflectance (Rr) 0.59 0.59 0.66 0.63 0.66 0.63 Medium Rank C (Bituminous)
Maximum reflectance (Rm) 0.63 0.63 0.70 0.67 0.70
Standard deviation (SD) 0.07 0.07 0.06 0.06 0.06
Borehole number 5 6 7 8 9 Average Rank category
Random reflectance (Rr) 0.64 0.65 0.64 0.62 NS 0.64 Medium Rank C (Bituminous)
Maximum reflectance (Rm) 0.68 0.70 0.69 0.66 NS
Standard deviation (SD) 0.05 0.05 0.07 0.06 NS
Borehole number 5 6 7 8 9 Average Rank category
Random reflectance (Rr) 0.65 0.68 0.65 0.66 NS 0.66 Medium Rank C (Bituminous)
Maximum reflectance (Rm) 0.69 0.73 0.70 0.71 NS
Standard deviation (SD) 0.05 0.05 0.05 0.05 NS
Borehole number 5 6 7 8 9 Average Rank category
Random reflectance (Rr) 0.62 0.64 0.65 0.63 0.64 0.64 Medium Rank C (Bituminous)
Maximum reflectance (Rm) 0.66 0.68 0.69 0.67 0.68







6.3 Maceral Composition 
 
In this study, boreholes 5, 6, 7, 8 and 9 were assessed in detail. The historical data (obtained from 
SABS) for boreholes 1, 2, 3 and 4 were included, thus enabling a west-east section across the area 
(Figure 6.1). The SABS analysis only provide the maceral groups. Each coal unit (from the basal C4LBA 
up through the succession to the top C4LTD) is described macroscopically using photographs and 
information from borehole cores, and microscopically using the maceral analysis results, to formulate 
an interpretation of the environment that prevailed during formation. The section investigates the 
horizontal distribution of each maceral group, individual maceral types and observable minerals found 
each unit. The data for each unit is presented in a table on a mineral matter free basis (mmf), and in 
a graph where the minerals are included. In borehole 9, only the C4LBA and C4LTD are developed, 
with no samples available for the C4LBB and C4LTC. The C4LBB was possibly eroded by the overlying 
S4LP, and the C4LTC did not develop over the high and thick S4LP deposit where borehole 9 is located, 




a. Macroscopic appearance of the coal 
 
The C4LBA (at the base) represents the C3 in the north-west, which merges with the C4L from borehole 
6 towards the south-east. The S4LFL separates the C4LBA from the C4LBB towards the north-west 
(Figure 3.1). The C4LBA is dominated by thin banded bright coal with dull bands (clarain) and calcite 
veins occurring in fractures in the bright coal, adding to the brittle nature of the coal (Figures 6.2, A 
and B). Inorganic matter (mixture of fine grained carbonaceous sandstone and siltstone) was observed 
in the C3 close to where the seams merge (boreholes 4 and 5). Pyrite concretions and siderite nodules 
were noted in places.  
          
Figure 6.2: Photographs of typical C4LBA coal. (A) Calcite veins (Ca) are located throughout the core 
within fractures of bright coal bands; (B) Core displays alternating bright and dull bands (clarain) with 
pyrite concretions (P). 
    FFigu re 
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b. Microscopic assessment of the coal: Maceral analysis 
 
The results are presented in Table 6.2 and Fig 6.3, with annotated microphotographs in Fig. 6.4. 
Vitrinite Maceral Group: The vitrinite content ranges between 57-71 vol% and is constant over the 
study area. Massive collotelinite is the dominant maceral with smaller bands of collodetrinite present. 
Pseudovitrinite (appearing as collotelinite with desiccation slits) is present over the study area 
showing a slight increase towards the west (Figures 6.4, C and D). The coal contains moderately high 
vitrinite, as the average vol% (mmf) is above 60 vol%, following the ISO/FDIS 11760:2018(E).  
Inertinite Maceral Group: The proportion of inertinite remains relatively constant over the study area 
(21-43 vol%). The most common inertinite maceral is semifusinite, followed by fusinite and 
inertodetrinite. 
Liptinite Maceral Group: The proportion of liptinite ranges between 0-11 vol% over the study area and 
reaches its highest percentage in borehole numbers 3, 4, and 5. Sporinite is the dominant liptinite 
maceral (Figures 6.4, A and B). Conditions possibly were not favourable for the preservation of liptinite 
in borehole 9, with no liptinite macerals observed. 
Mineral matter: Boreholes 4 and 5 have the highest observable mineral matter content (29 vol%), 
concentrating immediately prior to merging of the seams in the middle of the study area. Quartz and 
minor clay are the dominant minerals. Borehole 3 has the lowest observable mineral matter content 




















Table 6.2: C4LBA coal maceral composition (vol%, mmf), and the observable mineral composition. 
The numbers were rounded off to the nearest whole number. NS = No sample or data available.   
The data from boreholes 2, 3, and 4 were extracted from historic SABS data while boreholes 5, 6, 7, 




Figure 6.3: C4LBA maceral group data (vol%, including minerals). No petrographic data were available 
for borehole 1, unit C4LBA, because no sample were taken for the C3 (historic data). 
BOREHOLE NR 1 2 3 4 5 6 7 8 9
Telinite NS 2 1 1 1 0
Collotelinite NS 44 58 52 50 46 53 49 53
Vitrodetrinite NS 0 1 0 0 0
Collodetrinite NS 7 7 10 8 11 11 14 4
Corpogelinite NS 1 2 1 1 0
Gelinite NS 1 0 0 0 0
Pseudovitrinite NS 8 6 6 1 1 1 1 0
Total Vitrinite NS 59 71 68 62 62 67 66 57
Fusinite NS 5 5 6 4 11
Reactive Semifusinite NS 11 8 7 2 6 3 6 0
Inert Semifusinte NS 12 12 10 12 24
Micrinite NS 1 0 0 0 0
Secretinite NS 1 1 0 0 0
Funginite NS 0 0 0 0 1
Reactive Inertodetrinite NS 0 2 0 0 0
Inert Inertodetrinite NS 10 6 8 6 7
Total Inertinite NS 35 23 21 30 32 27 28 43
Sporinite NS 5 6 5 6 0
Cutinite NS 1 1 0 0 0
Resinite NS 1 0 0 0 0
Total Liptinite NS 6 7 11 7 6 5 6 0
Total Macerals NS 100 101 100 100 101 99 100 100
Clays NS 7 5 5 6 14
Quartz NS 18 9 5 3 5
Sulphides NS 1 2 1 1 1
Carbonates NS 3 1 1 1 5
Other minerals NS 0 0 0 0 0
Mineral Matter NS 10 8 29 29 19 12 11 25
1 2 3 4 5 6 7 8 9
Minerals 0 10 8 29 29.40 18.60 12 11 25
Liptinite 0 5 6 8 5.20 5.20 4 5 0
Inertinite 0 32 21 15 21.40 26.40 24 25 32















Figure 6.4: Photomicrographs of minerals and macerals of the C4LBA coal (reflected white light, oil 
immersion, ×500, and scale bar = 100 microns). (A) Sporinite (Megaspore) under normal white-light 
(Sp); (B) Sporinite (Sp) under fluorescence light; (C) Collotelinite (Col) with desiccation slits (Si) 
(pseudovitrinite) and pyrite inclusion (P); (D) Collotelinite (Col) with desiccation slits (Sl) with a 




a. Macroscopic appearance of the coal 
 
The C4LBB overlies the C4LBA towards the east and forms the base of the C4L towards the west, when 
the C3 splits from the Number 4 Coal Seam. The C4LBB is separated from the C4LBA by the S4FL in the 
west (Figure 3.1). The C4LBB is overlain by the in-seam parting (S4LP). Prominent carbonaceous shale 
and siltstone bands are found near the top and bottom towards the east and in the middle of the 
study area. The coal consists of evenly mixed banded coal (duroclarain) with calcite veins found in the 
bright coal bands and pyrite concretions with minor siderite nodules (Figures 6.5, A and B). The C4LBB 
was eroded by the overlying S4LP in borehole 9, as discussed in Chapters 4 and 5. 
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Figure 6.5: Photographs of typical C4LBB coal. (A) Calcite veins (Ca) are located in the middle of the 
core within fractured bright coal bands; (B) Core displays alternating dull and bright bands 
(duroclarain) with carbonaceous shale (CSH) and siltstone (SLT) towards the left. 
 
b. Microscopic assessment of the coal: Maceral analysis 
 
The results are presented in Table 6.3 and Fig. 6.6, with annotated microphotographs in Fig. 6.7. 
Vitrinite Maceral Group: The vitrinite content ranges between 33-55 vol%, decreasing towards the 
east. Collotelinite macerals (Figure 6.7.A) dominates along with bands of collodetrinite. A small 
amounts of pseudovitrinite were noted towards the west, as slits within the collotelinite (SABS data). 
The C4LBB contains medium vitrinite, as the average vol% (mmf) is between 40 and 60 vol % following 
ISO/FDIS 11760:2018(E).  
Inertinite Maceral Group: The inertinite content ranges between 39-60 vol%. The most common 
inertinite macerals are inertodetrinite and semifusinite with minor fusinite. The inertinite content 
increases towards the east in the study area. As indicated in Figure 6.7.B, mineral matter is trapped 
between the combined inertinite particles within the inertodetrinite. 
Liptinite Maceral Group: The liptinite content is constantly between 5-8 vol% over the study area. The 
only observed liptinite maceral was sporinite. There is a slight increase in liptinite content towards the 
east. 
Mineral matter: The C4LBB ranges between 12-34 vol% observable mineral matter, with quartz and 
clay dominating in equal proportions. The coal displays an increase in mineral matter content towards 





Table 6.3: C4LBB coal maceral composition (vol%, mmf), and the observable mineral composition. 
The numbers were rounded off to the nearest whole number. NS = No sample or data available.   
The data from boreholes 1, 2, 3, and 4 were extracted from historic SABS data while boreholes 5, 6, 
7, and 8 were assessed during this research. 
    
 
BOREHOLE NR 1 2 3 4 5 6 7 8 9
Telinite 2 1 1 1 NS
Collotelinite 41 40 40 39 33 25 21 30 NS
Vitrodetrinite 0 0 0 0 NS
Collodetrinite 10 10 6 6 6 8 10 7 NS
Corpogelinite 0 1 1 0 NS
Gelinite 0 1 0 1 NS
Pseudovitrinite 2 5 6 4 0 0 0 0 NS
Vitrinite 53 55 52 49 41 36 33 39 NS
Fusinite 6 4 4 3 NS
Reactive Semifusinite 12 10 13 13 2 8 3 5 NS
Inert Semifusinte 23 12 11 11 NS
Micrinite 0 1 1 0 NS
Secretinite 0 1 0 0 NS
Funginite 0 0 0 0 NS
Reactive Inertodetrinite 0 6 0 3 NS
Inert Inertodetrinite 23 25 40 32 NS
Inertinite 42 39 41 44 53 57 60 53 NS
Sporinite 6 6 7 8 NS
Cutinite 0 0 0 0 NS
Resinite 0 0 0 0 NS
Liptinite 5 6 6 7 6 6 7 8 NS
Total Macerals 100 100 99 100 100 100 100 100 NS
Clays 24 13 6 9 NS
Quartz 8 8 18 13 NS
Sulphides 0 1 1 1 NS
Carbonates 2 1 3 1 NS
Other minerals 0 0 0 0 NS




Figure 6.6: C4LBB maceral group data (vol%, including minerals). No coal was intersected in borehole 
9, in C4LBB. 
 
Figure 6.7: Photomicrographs of minerals and macerals of the C4LBB coal (reflected white light, oil 
immersion, ×500, and scale bar = 100 microns). (A) Massive collotelinite (Col) and inertodetrinite (In); 




a. Macroscopic appearance of the coal  
 
The C4LTC lies on top of the in-seam parting (S4LP) and is overlain by the C4LTD throughout the study 
area, and did not develop towards the east (Figure 3.1). The C4LTC did not develop in borehole 9. The 
coal contains evenly mixed banded coal (duroclarain), with calcite veins located in the bright coal 
bands and cleavages, and prominent siderite nodules and pyrite lenses observed in the core (Figure 
6.8.A). Thin carbonaceous shale and sandstone lenses are sporadically present (Figure 6.8.B). 
1 2 3 4 5 6 7 8 9
Minerals 17 12 18 16 34 23 28 24 0
Liptinite 4 6 5 6 4 5 5 6 0
Inertinite 35 34 34 37 35 44 43 40 0














               
Figure 6.8: Photographs of typical C4LTC coal. (A) Siderite (S) and pyrite (P) nodules are seen towards 
the right of the core and calcite veins (Ca) in the middle; (B) Core displays alternating dull and bright 
bands (duroclarain) with pyrite lense (P) in the middle of the coal and carbonaceous shale (CSH) 
towards the left and a sandstone band (SS) towards the right. 
 
b. Microscopic assessment of the coal: Maceral analysis 
 
The results are presented in Table 6.4 and Fig. 6.9, with annotated microphotographs in Fig. 6.10. 
Vitrinite Maceral Group: The vitrinite content ranges between 32-61 vol%, and is reasonably uniform 
over the study area. The vitrinite is mainly represented by homogenous gel-like collotelinite and, to a 
lesser degree, collodetrinite and massive oval shaped corpogelinite (Figure 6.10, A and C). The coal is 
described as medium vitrinite, as the average vol% (mmf) is between 40 and 60 vol% following 
ISO/FDIS 11760:2018(E). 
Inertinite Maceral Group: The inertinite content ranges from 33-65 vol% with a slight increase towards 
the east. The most common inertinite maceral is inertodetrinite (Fig. 6.10.B). The fusinite and 
semifusinite combined, reaches proportions similar to inertodetrinite in some boreholes (Fig. 6.10.D) 
and is comparable with C4LBB. 
Liptinite Maceral Group: The proportion of liptinite is constantly between 3-6 vol% over the study area 
with the composition being marginally higher in the west. The predominant liptinite maceral is oval 
shaped sporinite.  
Mineral matter: The observable mineral matter ranges between 6-22 vol% with a slight increase in 
mineral matter content towards the east (Figure 6.9). Quartz, clays, carbonates and sulphides 
constitutes the observable mineral matter.  
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Table 6.4: C4LTC coal maceral composition (vol%, mmf), and the observable mineral composition. 
The numbers were rounded off to the nearest whole number. NS = No sample or data available.   
The data from boreholes 1, 2, 3, and 4 were extracted from historic SABS data while boreholes 5, 6, 
7, and 8 were assessed during this research.    
         
  
BOREHOLE NR 1 2 3 4 5 6 7 8 9
Telinite 1 1 1 1 NS
Collotelinite 36 52 44 44 35 33 21 34 NS
Vitrodetrinite 0 0 0 0 NS
Collodetrinite 10 6 4 5 11 10 8 15 NS
Corpogelinite 1 0 3 2 NS
Gelinite 0 0 0 0 NS
Pseudovitrinite 2 3 1 2 1 0 0 0 NS
Vitrinite 48 61 49 51 49 44 32 52 0
Fusinite 6 4 4 6 NS
Reactive Semifusinite 14 10 14 15 7 5 3 3 NS
Inert Semifusinte 13 9 14 10 NS
Micrinite 0 0 0 2 NS
Secretinite 1 0 0 0 NS
Funginite 0 0 0 0 NS
Reactive Inertodetrinite 0 6 0 1 NS
Inert Inertodetrinite 20 29 45 22 NS
Inertinite 45 33 45 43 47 52 65 45 NS
Sporinite 3 4 3 3 NS
Cutinite 0 0 0 0 NS
Resinite 0 0 0 0 NS
Liptinite 6 5 5 5 3 4 3 3 NS
Total Macerals 99 99 99 99 99 100 100 100 NS
Clays 3 7 6 3 NS
Quartz 6 10 13 4 NS
Sulphides 1 0 1 1 NS
Carbonates 2 1 2 2 NS
Other minerals 0 0 0 1 NS
Mineral Matter 12 6 7 8 12 18 22 11 NS
104 
 
Figure 6.9: C4LTC maceral group data (vol%, including minerals). No coal was intersected in borehole 
9, in C4LTC. 
 
    
Figure 6.10: Photomicrographs of minerals and macerals of C4LTC coal (reflected white light, oil 
immersion, ×500, and scale bar = 100 microns). (A) Corpogelinite bodies (Co); (B) Inertodetrinite and 
semifusinite with mineral inclusions; (C) Banded collotelinite (Col) with a corpogelinite body (Co) and 
pyrite (P) inclusion; (D) Fusinite (F) and minor semifusinite (SF). 
1 2 3 4 5 6 7 8 9
Minerals 12 6 7 8 12 18 22 11 0
Liptinite 5 5 5 5 3 3 2 3 0
Inertinite 40 31 42 40 41 43 51 40 0














 6.3.4 C4LTD 
 
a. Macroscopic appearance of the coal  
 
The C4LTD is the top coal unit and is present throughout the study area and overlies the C4LTC (Figure 
3.1). The coal contains mostly banded dull coal (clarodurain) with alternating bright and dull coal 
bands (Figure 6.11.B). Carbonaceous siltstone and shale bands are found throughout the unit, 
together with occasional siderite nodules and pyrite concretions (Figure 6.11.A). 
            
Figure 6.11: Photographs of typical C4LTD coal. (A) Siderite (S) and pyrite (P) nodules are seen in the 
middle of the core and carbonaceous shale (CSH) at the left end of the core, as indicated by the red 
arrows; (B) Core displays alternating dull and bright bands (clarodurain), which fragmented during 
drilling.  
 
b. Microscopic assessment of the coal: Maceral analysis 
 
The results are presented in Table 6.5 and Fig. 6.12, with annotated microphotographs in Fig. 6.13. 
Vitrinite Maceral Group: The vitrinite content ranges between 11-58 vol%, and increases towards the 
east. Collotelinite and small amounts of collodetrinite are the dominant macerals. The C4LTD is 
described as low vitrinite, as the average vol% (mmf) is below 40 % following ISO/FDIS 11760:2018(E). 
Inertinite Maceral Group: The average inertinite content ranges between 38-83 vol%, with a general 
increase towards the west. Detrital inertodetrinite dominates, with fusinite and semifusinite in smaller 
amounts. The coal averages above 60 vol%,mmf inertinite and can be described as inertinite-rich. 
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Liptinite Maceral Group: The liptinite content is consistently between 2-6 vol% over the study area. 
The dominant liptinite maceral is sporinite. 
Mineral matter: The observable mineral matter content ranges between 12-33 vol% (Figure 6.12). 
Massive quartz is the most abundant observable mineral followed by clays, sulphides and carbonates 
(Figures 6.13, A and B). Quartz and clay minerals are included in the inertodetrinite (Figures 6.13, C 
and D).  
 
Table 6.5: C4LTD coal maceral composition (vol%, mmf), and the observable mineral composition. 
The numbers were rounded off to the nearest whole number. NS = No sample or data available. 
Data from boreholes 1, 2, 3, and 4 were extracted from limited, historic SABS data while boreholes 5, 
6, 7, 8 and 9 were assessed during this research. 
 
 
BOREHOLE NR 1 2 3 4 5 6 7 8 9
Telinite 0 1 1 1 2
Collotelinite 10 22 13 10 24 21 38 34 42
Vitrodetrinite 0 0 0 0 0
Collodetrinite 3 5 2 1 9 10 14 15 12
Corpogelinite 0 0 2 2 2
Gelinite 0 0 0 0 0
Pseudovitrinite 1 0 0 0 0 0 0 0 0
Vitrinite 14 27 15 11 33 33 55 52 58
Fusinite 3 3 6 6 5
Reactive Semifusinite 29 27 31 32 6 4 3 3 3
Inert Semifusinte 16 7 11 10 9
Micrinite 0 0 0 2 0
Secretinite 0 0 0 0 2
Funginite 0 0 0 0 0
Reactive Inertodetrinite 0 13 0 1 0
Inert Inertodetrinite 40 34 18 22 20
Inertinite 83 70 81 86 64 63 39 45 38
Sporinite 1 4 6 3 5
Cutinite 1 0 0 0 0
Resinite 0 0 0 0 0
Liptinite 3 3 3 2 3 4 6 3 5
Total Macerals 100 100 99 99 100 100 100 100 100
Clays 11 9 3 3 4
Quartz 15 20 7 4 24
Sulphides 1 1 2 1 4
Carbonates 3 2 1 2 2
Other minerals 0 1 0 1 0
Mineral Matter 28 12 14 19 30 33 13 11 34
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Figure 6.12: C4LTD maceral group data (vol%, including minerals). The vitrinite content increases 
towards the east, and the inertinite content increases towards the west. 
 
 
Figure 6.13: Photomicrographs of minerals and macerals of the C4LTD coal (reflected white light, oil 
immersion, ×500, and scale bar = 100 microns). (A) Massive quartz grains; (B) Vitrinite with siderite (S) 
inclusions; (C) Inertodetrinite with fine clay and small quartz inclusions; (D) Inertodetrinite with clay 
(C) and quartz (Q) mineral grains and thin vitrinite bands (V). 
1 2 3 4 5 6 7 8 9
Minerals 28 12 14 19 30 33 13 11 34
Liptinite 2.50 3 3 2 2 3 5 3 3
Inertinite 60 62 70 70 45 42 34 40 25














6.3.5 Discussion of results and vertical association 
 
The previous section described the horizontal distribution of each maceral group and the individual 
maceral types and minerals found in each unit. This section focuses on the vertical association 
between the different units from the base to the top along with changes in depositional conditions 




The vitrinite content shows two separate upward decreasing cycles from the lowest C4LBA to the top 
C4LTD (Figure 6.14). The basal C4LBA is vitrinite-rich, and contains moderately high vitrinite (Table 
6.6). Massive vitrinite macerals like collotellinite dominate, indicating a quiet, anaerobic and 
waterlogged environment with low pH values where humification and gelification occurred in-situ 
(O’Keefe et al., 2013). The presence of pseudovitrinite implies some degree of in-situ desiccation 
(Wagner et al., 2018). The unit contains more bright coal than dull coal. 
Conditions changed from C4LBA to C4LBB, and became progressively more oxidizing. The preservation 
of vitrinite was still favourable in anaerobic waterlogged conditions, as indicated by the high 
percentage of collotelinite. Pseudovitrinite increases towards the west indicating in-situ desiccation 
of the peat. C4LBB contains medium vitrinite (Table 6.6) and indicates a reduction in vitrinite content 
from C4LBA. A fluctuating water table exposed the peat to more oxidizing conditions resulting in the 
coal containing equal amounts of bright and dull coal. The coal development was terminated by the 
influx of inorganic material, to form the in-seam parting S4LP. 
The C4LTC developed over the overbank sediments of the S4LP, which enabled a stable nutrient-rich 
base. Collotelinite remains the dominant vitrinite maceral. Conditions were the same as for C4LBB 
although the vitrinite content is slightly higher (Table 6.6). The coal contains equal amounts of dull 
and bright coal and is classified as containing medium vitrinite (Table 6.6). 
Conditions became even more oxidizing, and drier, from C4LTC to C4LTD with less vitrinite 
preservation than the units below. The C4LTD is classified as containing low vitrinite (Table 5.6) and 
preserved more dull coal than bright coal with collotelinite dominating the vitrinite macerals along 
with collodetrinite. Conditions during deposition of the top C4LTD coal were the least favourable for 





Figure 6.14: Schematic representation of the four coal units in terms of the average vitrinite content 
(vol%) in the west-east transect line and their plotted vertical association using data from Table 6.6. 
 





Inertinite and vitrinite usually have an inverse relationship on an mmf basis, where liptinite is limited. 
The inertinite content shows two separate upward increasing cycles from the bottom C4LBA to the 
top C4LTD, separated by the S4LP (Figure 6.15). The C4LBA contains the least amount of inertinite of 
the four units (Table 6.7). Inertinite macerals usually share the same precursor as vitrinite (O’Keefe et 
al., 2013). Fusinite and semifusinite are the dominant inertinite macerals, indicating periodic dry 
conditions within the swamp where fusinization and oxidation of the woody vitrinitic material took 
place. Possibly charring from peat fires contributed to the alteration of the peat to fusinite and 
semifusinite (Stach et al., 1982). The peat was most likely wet, while experiencing alternating 
anaerobic and aerobic conditions.  
Conditions changed from the C4LBA to the C4LBB, becoming more oxidizing with alternating wet and 
dry cycles. The inertinite composition contained almost equal proportions of inertodetrinite and 
semifusinite with fusinite, and the vitrinite and inertinite contents are comparable (Table 6.6 and 
Table 6.7), indicative of a balanced seasonal variation between dry and wet conditions. The 
semifusinite with cell structure intact, formed in an undisturbed passive environment (Stach et al., 
1982). The increase in inertodetrinite compared to the unit below indicates more frequent flooding 
events where peat was eroded upstream, reworked and redeposited.  
Unit
Average vitrinite content 
(vol %, mmf)
Classification
C4LTD 33 Low vitrinite
C4LTC 48 Medium vitrinite
C4LBB 45 Medium vitrinite
C4LBA 64 Moderately high vitrinite
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The S4LP was deposited over the C4LBB terminating peat formation. The C4LTC peat developed over 
the S4LP with conditions similar to the C4LBB environment. Here, the proportions of inertodetrinite 
and semifusinite with fusinite are almost equal, and the vitrinite and inertinite maceral group 
distribution are comparable (Table 6.6 and Table 6.7).  
As before, oxidizing conditions increased from C4LTC to the C4LTD, becoming drier. Detrital 
inertodetrinite is the dominant inertinite maceral, indicative of reworked oxidized peat deposited 
during flood events where the peat was deposited with fine-grained quartz and clay minerals. 
Hagelskamp and Snyman (1988) suggests that deposition took place in active swamp channels with 
low flow velocities. This suggests a hypoautochthonous origin of the coal precursors occurring in the 
area. The C4LTD is the most inertinite-rich unit in the succession. 
Figure 6.15: Schematic representation of the four coal units in terms of the average inertinite content 
(vol%) in the west-east transect line and their plotted vertical association using data from Table 6.7. 
 





The liptinite macerals are dominated by sporinite throughout the succession with minor cutinite and 
resinite found in the bottom unit. While liptinite macerals plays a minor role in the composition of the 
coal, there is a slight upward decrease in liptinite content from the bottom C4LBA and C4LBB, to C4LTC 
and C4LTD (Figure 6.17 and Table 6.8). Liptinites are found in all environments but are better 
preserved in conditions where less oxidation takes place (Stach et al., 1982). This supports the above 
finding, where oxidizing conditions become prevalent from the basal units to the top units.  
Unit








Figure 6.16: Schematic representation of the four coal unit in terms of the average liptinite content 
(vol%) in the West-East transect line and their plotted vertical association using data from Table 6.8. 
 
Table 6.8: Average liptinite content for each unit. 
 
 
5.3.5.4 Mineral matter 
 
The mineral matter content shows two separate upward increasing cycles from the lowest C4LBA to 
the C4LBB and from the C4LTC to the top C4LTD, which mirrors the ash trend as indicated in Figure 
6.17. The C4LBA and C4LBB includes a mix of syngenetic and epigenetic minerals. Quartz and clays are 
dominant, with calcite veins forming in the fractures and cleats of the more brittle coal. The mineral 
matter content increases from C4LBA to C4LBB (Table 6.9). The C4LBB contains the most observable 
mineral matter as well as the highest ash percentage. 
The C4LTC has the lowest mineral matter content (along with the lowest ash percentage), indicating 
limited disturbances by flooding events. The mineral matter increases from C4LTC to C4LTD (Table 6.9 
and Figure 6.17). The C4LTC consists of syngenetic and epigenetic minerals with quartz and clays 
dominating with minor carbonates and sulphides and calcite veins forming in the fractures and cleats 
of the coal. The C4LTD contains a higher observable mineral matter content than C4LTC. Clays and 
massive quartz are the dominant mineral matter present and could indicate a detrital origin where 
most of the mineral matter was transported to the peat via water from flood events or via aeolian 
processes for the finer sediment fractions. The increase in mineral content and inertodetrinite 
macerals suggests that minerals and peat were transported together to the site of deposition.    
Unit









Figure 6.17: Schematic representation of each the four coal units along with the in-seam parting, with 
the dominant observable mineral matter and corresponding ash distribution % for each. The vertical 
association is shown and is derived from data in Table 6.9. 
 
Table 6.9: Average observed mineral matter content and ash % for each unit. The ash % were 
derived from the ash distribution grids discussed in Chapter 5, Section 5.3. 
 
 
5.3.5.5 Chemical properties of macerals 
 
The three maceral groups have their own specific chemical signature at the same rank, in this case 
Medium Rank bituminous coals. Vitrinite has an intermediate hydrogen content that is higher than 
inertinite but lower than liptinite. Vitrinite contains less carbon than inertinite and liptinite but 
contains the highest oxygen. Volatile matter (VM) can quantitatively be linked to carbon and hydrogen 
content where liptinite contains the most VM, followed by vitrinite and inertinite (Wagner et al., 
2018). This correlates with the data where the coal with the highest vitrinite content has the highest 
VM (Figure 6.18, A and B). C4LBA has the highest vitrinite content and VM, followed by C4LTC and 
C4LBB. The inertinite-rich C4LTD contains the lowest VM and the lowest vitrinite content. 
The calorific value (CV) and ash content are important commercial coal parameters for marketing 
purposes in global and domestic trade. Incombustible minerals make up the ash content after 
combustion of coal, while the CV is the measurement of heat or energy released by coal during 
combustion (Falcon and Ham, 1988). This results in CV to have an inverse relationship with the ash 
content and is affected by the coal type (Wagner et al., 2018). The CV in all the coal units have an 
inverse relationship with the ash % and the observable mineral matter. C4LBB has the highest ash 
content and the lowest CV, followed by C4LTD and C4LBA. C4LTC has the lowest ash content and the 
highest CV value of all the coal units (Figure 6.18, C and D). 
Unit










Figure 6.18: Relationship between (A) vitrinite content and the (B) volatile matter; (C) the mineral 
matter/ash % and (D) calorific value. There is a direct relationship between vitrinite content and 
volatile matter and an inverse relationship between mineral matter/ash % and calorific value. The 
volatile matter and calorific value results are shown for each unit in Chapter 5, Section 5.3 while the 
vitrinite and mineral matter results are shown earlier in this section. 
 
6.4 Depositional environment 
 
The depositional environments were determined by calculating the Tissue preservation index (TPI) 
and Gelification index (GI) for each sample (Table 6.10 and 6.11) with the detailed maceral analysis 
results (boreholes 5, 6, 7, 8 and 9), and plotting the data on Diessel’s (1986) coal facies diagram (Figure 
6.19). No samples were available for borehole 9 for C4LBB and C4LTC, as discussed earlier in the 
chapter. The details surrounding the equations and diagram are discussed in Chapter 2, Section 2.4.2. 
 





BOREHOLE NR 7 8 9 10 11
C4LTD 0.51 0.52 1.41 0.56 1.52
C4LTC 1.07 0.84 0.49 1.15 NS
C4LBB 0.77 0.64 0.56 0.75 NS




Table 6.11: TPI index (mmf). NS = No Sample. 
 
 
6.4.1 Tissue preservation index (TPI) and Gelification index (GI) 
 
All the coal samples from C4LBA plots in the telmatic wet forest swamp environment with banded 
bright coal (Figure 6.19). The high tree density supports the high proportion of vitrinite found in the 
samples, particularly the collotelinite, which is derived from gelified woody tissue in terrestrial, 
telmatic conditions with a high groundwater table (Diessel, 1992). The bright components of coal are 
usually formed under wet conditions.  
Most of the C4LBB coal samples plot within the terrestrial, dry forest swamp environment with banded 
coal being the dominant lithotype (Figure 6.19); this was also observed in the core. The dry forest 
environment experienced variable dry and wet periods causing the peat to be oxidized during the dry 
periods. One sample plots within the open marsh environment where conditions were dry with less 
woody tissue preservation but rather more herbaceous plant preservation (Diessel, 1992). 
Two coal samples from C4LTC plots in the telmatic wet forest swamp environment and one sample 
each in the dry open marsh and dry forest environment (Figure 6.19). The high tree density correlates 
with the reasonably high proportion of vitrinite found in the samples and from observations in the 
core. The core indicated an almost equal amount of bright and dull coal. The high groundwater table 
contributed to the preservation of vitrinite, while the low groundwater table contributed to the 
formation of inertinite. The groundwater table varied from high to low with a low water table 
contributing to the dry forest and the open marsh environment. Tree density was low in the open 
marsh areas. Conditions were diverse during deposition of C4LTC with variable tree densities and 
water table levels. 
Three coal samples from the top C4LTD plot in the intermittingly dry, open marsh environment, and 
two samples plots in the wet forest swamp environment (Figure 6.19).  This indicates a relatively dry 
marsh, with a low tree density, with occasional flooding or telmatic episodes. The low TPI and low GI 
suggest the predominance of herbaceous plants (shrubs, grass and detrital vegetation) in the mire and 
reduced woody tissue preservation in dry conditions (Diesel, 1992). The two samples in the wet forest 
environment indicated periods of high groundwater levels or flooding episodes where the 
preservation of vitrinite was favourable. 
 
BOREHOLE NR 7 8 9 10 11
C4LTD 1.00 0.64 1.86 0.90 2.53
C4LTC 1.93 1.14 0.80 1.41 NS
C4LBB 2.26 1.27 0.81 1.23 NS





Figure 6.19: Coal facies diagram using calculated TGI and GI data from Tables 6.10 and 6.11 (after 
Diessel, 1986 and modified by Kalkreuth et al., 1991 and Singh et al., 2012).  
 
6.4.2 Ternary diagrams 
 
A ternary diagram, based on the maceral composition and maceral associations, was created by 
Mukhopadhyay (1986) and has been used to further refine the peat forming environments.  
The samples from three units (C4LBB, C4LTC and C4LTD) plot in the forest swamp conditions and fall 
between dry, oxic and anoxic conditions (between D and F in Figure 6.20), with more samples 
indicating dry conditions due to low groundwater levels. The C4LBA samples also plot in the forest 
swamp environment, with less oxidizing conditions than the other samples, resulting in good tissue 
preservation. All the samples plot in the swamp forest environment indicated by index D in Figure 6.19 
and experienced dry conditions. This indicates that the environment is situated either on an alluvial 




Figure 6.20: Ternary diagram showing maceral association to determine the peat forming 
environment (mmf basis) (modified from Mukhoadhyay, 1986). 
 
Singh and Singh (1996) suggested a facies diagram where the mineral matter content is included along 
with the maceral content to determine the depositional environment. Most of the samples 
experienced alternating oxic and anoxic conditions in the moor with only minor flooding events (D in 
Figure 6.20). One sample of C4LBA experienced wet conditions within the moor with intermittent 
moderate to high flooding events (F in Figure 6.20). C4LTD experienced the most diverse conditions 
with two samples of C4LTD forming in a dry moor with sudden high flooding events (E in Figure 6.20), 
and one sample plotting in the wet moor environment with moderate to high flooding events (F in 
Figure 6.20). C4LTC experienced less flooding events compared to the other units. 
 
 
Figure 6.21: Ternary plot indicating the depositional environment, including mineral matter (modified 
from Singh and Singh, 1996). 
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6.5 Palaeoenvironmental reconstruction 
 
To reconstruct the depositional environment, all factors must be combined to determine the 
conditions that prevailed during peat formation. The composition and preservation of the peat plays 
a critical role in controlling the coal formation along with time, geochemical conditions, climate, 
vegetation and the geological setting, which is interrelated and interdependent (Cairncross, 2001). 
The vertical succession of events and environments that contributed to each coal unit within the 
Number 4 Coal Seam must be examined to reconstruct the palaeoenvironment (Figure 6.22). The 
groundwater table plays a major role in the formation of thick peats and needs to rise slow, steadily 
and consistently and remain sufficiently high to submerge the peats over long periods (Galloway and 
Hobday, 1996). Stach et al. (1982) noted that if the water rises too quickly, it will drown the peat while 
rising too slowly, will erode and rot the peat. 
The clastic sedimentation of the footwall rocks set the scene for peat formation (Snyman, 1998). The 
floor of the Number 4 Coal Seam consists of abandoned surfaces of submerged delta lobes and 
crevasse-splay sediments, which stabilised the delta plain and allowed vegetation to flourish (Cadle, 
1995). Thick laterally extensive coal deposits occur above the stable base that can be correlated to 
adjacent coalfields (Cairncross, 2001). Snyman and Barclay (1986) believe that the Number 4 Coal 
Seam of the Highveld Coalfield was deposited in an upper delta plain setting. Mukhoadhyay (1989) 
suggests any coal that formed in wet forest swamp conditions was deposited in an upper delta plain 
as indicated by the plotted data earlier in the chapter (Figures 6.20 and 6.21). Buillit et al. (2002) 
illustrates that dry forests also usually develop in upper delta plain environments. Hagelskamp et al. 
(1988) postulated that the coal was deposited in floodplains and backswamps of a fluvial river system, 
which is found east of the study area.  
 
 
Figure 6.22: Schematic representation of the four coal units displaying the succession of deposition. 
The depositional environment for each coal unit is discussed indicating the vertical changes 





1. The bottom unit (C4LBA) formed in an anaerobic and waterlogged wet forest swamp depositional 
environment in the backswamp of a flood basin with a high water table. Woody plants grew 
throughout the study area, which contributed to the formation of the autochthonous vitrinite 
(collotelinite). Rare pseudovitrinite indicates seasonal drying out and oscillating water levels within 
the peat, caused slits features to develop in some collotelinite. Mild oxic to anoxic conditions enabled 
tissue preservation, along with a high proportion of the inertinite consisting of semifusinite and 
fusinite, when damp wood was partially burnt. Conditions were favourable for the preservation of 
sporinite due to the low oxidizing conditions. Occasional flooding events transported inorganic 
material into the swamp and were deposited within small channels, as was noted in the middle of the 
study area where the observable mineral matter is the highest within the unit. The S4LFL disrupted 
peat formation in the north-west, forming an in-seam parting that separates the C4LBA and the C4LBB. 
2. The environment became slightly drier during the formation of the C4LBB peat, progressing from a 
telmatic wet forest swamp to a terrestrial dry forest swamp environment. The in-situ peat experienced 
oscillating water levels and oxidation with more seasonal variations indicated by the equal proportion 
of inertinite and vitrinite. The inertinite consists of equal proportions of fusinite with semifusinite and 
inertodetrinite. There is a decrease in vitrinite and an increase in inertinite and observable mineral 
matter towards the east, suggesting that the fluvial system in the east was moving closer to the 
eastern portion of the study area. The introduction of inorganic material into the environment by low 
energy streams could indicate more seasonal flooding or a small subsidence of the peat could be the 
reason for the increase in inertodetrinite and ash yield. Sporinite was well preserved in the coal. Peat 
forming conditions were abruptly interrupted by the deposition of the in-seam parting S4LP. 
Conditions were unfavourable for peat formation due to the influx of clastic sediments. This process 
and depositional environment is discussed in Chapter 4, Section 4.2. 
3. Peat forming conditions returned after the S4LP events, preserving organic material to form the 
C4TC, in an environment comparable to that of the lower C4LBB. Conditions were more variable with 
different environments present within the unit. Wet forest swamp environment prevailed with 
alternating anaerobic and anaerobic conditions in oscillating water levels with dry forest swamp and 
dry open marshes present. Waterlogged conditions are suggested by the collotelinite and 
corpogelinite, and siderite in the coal samples. The vitrinite and inertinite proportion remained 
reasonable equal, suggesting frequent oscillating water levels with oxidation and possibly peat fires 
occurring. The inertodetrinite, carbonaceous shale and siltstone were deposited by low energy 
streams. The C4LTC have slightly more vitrinite and less mineral matter than C4LBB, suggesting slightly 
more forested areas and less flooding events. Conditions were likely less favourable for the 
preservation of sporinite due to more oxidizing conditions than in C4LBB and C4LBA. 
4. Conditions became drier in C4LTD, with the samples revealing a more oxidizing environment. The 
environment changed from a mostly wet forest to an open marsh. The dominance of detrital 
inertodetrinite suggests that inertinite formed elsewhere, became reworked and transported by 
sedimentary processes and subsequently oxidized, then deposited in the study area. This 
interpretation is supported by the high mineral matter content of mostly quartz and clays. The high 
rate of degradation provided enough void space in the peat for intrinsic minerals such as calcite and 
pyrite to precipitate. The inertinite content dominates in the west, due to dry and oxidizing conditions, 
and decreases eastwards. The vitrinite content increases towards the east suggesting a wetter 
environment. The C4LTD has a higher ash yield than C4LTC, and suggests more flooding events. The 






All four coal units are classified as Medium Rank C bituminous coal. There is a vertical cyclicity through 
the succession with wet forest swamps at the base of each cycle (C4LBA and C4LTC) developing into 
drier forests and open marshes (C4LBB and C4LTD). The two cycles are separated by the in-seam S4LP 
parting. There is a decrease in vitrinite from the base of each cycle towards the overlying unit and an 
increase in mineral matter and inertinite from the base to the overlying unit. The drying-upwards cycle 
of the peat can be interpreted as terrestrialization cycles as the result of peatland aggradation. The 
vitrinite content has a direct relationship with the VM, with CV and ash content having an inverse 
relationship. 
The C4LBA at the base formed in a wet forest swamp that experienced moderate flooding events with 
a high water table and can be classified as containing moderately high vitrinite with favourable vitrinite 
preservation conditions. The C4LBB formed in a dry forest environment with a lower water table than 
C4LBA. The equal proportion of vitrinite and inertinite suggests alternating dry and wet conditions. 
The C4LBB experienced more frequent flooding events, contributing to the high observable mineral 
matter and high ash content towards the east as the fluvial system moved closer to the study area. 
The C4LTC formed in a very similar environment as C4LBB but with more variable conditions and 
higher water table levels, producing wet forests with areas consisting of dry forests along with the 
open marshes. The C4LTC is classified as containing only medium vitrinite but has a lower ash % and 
visible mineral matter content than C4LBA. This can be attributed to fewer flooding events. The C4LTD 
experienced the driest climatic conditions within an open marsh environment subjected to frequent 
flooding. The C4LTD is dominated by inertinite macerals consisting of inertodetrinite, supporting the 
















The aim of the project was to recreate the palaeoenvironment of the C4L and the associated in-seam 
partings, and how the depositional environment and the in-seam parting influenced the coal quality, 
distribution and seam thickness. The dataset used to construct the geological model of the study area 
contained information from 186 vertical boreholes that were refined to remove the post-depositional 
influence of dolerite intrusions. The data were used to create a set of structure and quality grids to 
visually display the distribution of the data for each unit. 
The Kungurian aged C4L in the study area falls within the coal-bearing Vryheid Formation, of the 
Permian Ecca Group, in the northern portion of the MKB, within the Highveld Coalfield. Coal 
deposition is associated with a fluvial depositional environment. The C4L was divided into six units, 
four coal units and two clastic sedimentary units (Figure 3.1). The C3 merges with the C4L towards the 
south-west of the study area to form the basal C4LBA coal unit. The clastic S4LFL parting separates the 
C3 and the C4L towards the north-west and pinches out towards the south-east. The C4LBB coal unit 
overlies the S4LFL in the north-west and the C4LBA in the south-east, covering the entire study area. 
The S4LP parting covers most of the study area and increases in thickness towards the east. In the 
areas towards the east where the S4LP is at its thickest, the underlying C4LBB peat were absent. The 
C4LTC coal unit overlies the S4LP parting except towards the east where it did not develop due to the 
elevation of the S4LP above the peat swamp. The C4LTD is the top coal unit and is present throughout 
the entire study area. 
The coal units dip south-westerly with the highest elevations found in the north-east of the study area 
and the lowest elevations in the south-west. This gradient supports the southward flowing fluvial 
system described by Stavrakis (1989) during formation of the C4L. The pre-Karoo palaeotopography 
has an effect on the elevation distribution in the units, with ridges found within the pre-Karoo 
palaeotopography projecting throughout all six units in the study area. In-seam clastic partings that 
entered the peat during flooding events had the biggest influence on coal quality distribution. Within 
these channels the inorganic content increased with the ash and RD. The presence of inorganic 
material within the coal has the inverse diluting effect on the VM, FC, MS and the CV. The C4LBB coal 
unit displayed deteriorating coal qualities towards the east, closer to the large fluvial palaeochannel.  
Facies analysis on the S4LP unit contributed to understanding and determination of the depositional 
environment. The S4LP clastic sedimentary parting splits the C4L and is sandstone-dominated towards 
the east and siltstone-dominated towards the west. The sandstone-dominated eastern portion 
consists of various upward-fining successions with rip-up clasts at the base. This suggests a sand-
dominated, bedload and low sinuosity braided river channel. A sharp divide separates the sandstone-
dominated eastern portion from the siltstone-dominated western portion. The western portion 
consists of rhythmically interbedded sandstone-siltstone, with coal, mudstone and siltstone found 
towards the west in a wedge shape, which pinches out towards the west. This suggest overbank 
deposits, including levee deposits, which were inundated during seasonal flooding events. 
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Coal petrography contributed to the understanding of the grade, type and rank of the coal and to 
recreate the depositional environment for each unit. Vitrinite reflectance was used to determine the 
rank. All four coal units are classified as Medium Rank C bituminous coal. Maceral analysis was 
performed on polished blocks by the author for each coal unit. It was found that there is vertical 
cyclicity through the succession with wet forest swamps at the base of each cycle (C4LBA and C4LTC) 
developing into drier forests and open marshes (C4LBB and C4LTD). The two cycles are separated by 
the in-seam S4LP parting. There is a decrease in vitrinite from the base of each cycle towards the 
overlying unit and an increase in mineral matter and inertinite from the base to the overlying unit 
(Figure 7.1). There is a general decrease in vitrinite content and an increase in inertinite content from 
the basal C4LBA to the top C4LTD. The dulling-upward (drying-upwards) cycle of the peat can be 
interpreted as terrestrialization cycles as the result of peatland aggradation. 
 
 
Figure 7.1: The petrographic composition comparison of the two cycles. The two basal units (C4LBA 
and C4LTC) contains a higher vitrinite content than the two overlying units (C4LBB and C4LTD). The 
two cycles indicate a decrease in vitrinite content towards the top and an increase in inertinite content 










The project was carried out to understand and recreate the palaeoenvironment of the Number 4 
Lower Coal seam and to investigate the influence the in-seam parting (S4LP) had on the coal qualities 
and distribution. The S4LP increases gradually in thickness from 0 m near the western study boundary 
to 2 m near the mine boundary in the east. After reaching the mine boundary the S4LP exponentially 
increases in thickness where it reaches a maximum of 21.1 m before it decreases in thickness towards 
the eastern study boundary. 
There is no correlation between the S4LP and the coal quality distribution throughout the study area. 
The small in-seam channels had the biggest influence on the coal quality distribution. These channels 
transported allogenic clastic sediment into the swamp during flooding events. The increase in clastic 
material within the seam had a direct influence on the quality of the coal, increasing the ash content 
and RD, while the CV, FC, MS and VM decreased. The vitrinite content and the VM have a direct 
relationship with each other, where the coal units with the highest vitrinite content have the highest 
VM. When the vitrinite content increases, the VM increases and vice versa (Chapter 6, Section 5.3.55). 
The CV and the ash content have an inverse relationship. In the coal units, which contain the highest 
ash values, the CV is the lowest (Chapter 6, Section 5.3.55). Looking at the entire study area, the C4LBB 
is the only coal unit where there was a trend visible with a general decrease in coal qualities towards 
the east. It is suggested that this trend is due to the southward flowing fluvial system located close to 
the eastern boundary. Although the trend correlates with the increase in the S4LP thickness towards 
the east, the C4LBB qualities progressively deteriorate until the eastern study boundary, while the 
S4LP thickness reaches a maximum thickness before reaching the boundary and gradually decreases 
in thickness when it reaches the study boundary.  
The S4LP, however, did influence the coal distribution and seam thickness. During deposition of the 
S4LP the clastic sediment at the base of the bedload fluvial channel scoured the surface of the 
underlying peat. Coal and carbonaceous shale rip-up clasts are found near the base of the channel in 
the areas where the S4LP is at its thickest. In the area where the S4LP is at its thickest, the underlying 
C4LBB was eroded, paralleling the channel orientation. The S4LP roof forms a ridge towards the north-
west creating a floor roll in the overlying coal units. Differential compaction of the overlying peat 
resulted in the C4LTC and C4LTD thinning over the floor roll. The peat overlying the elevated ridge 
contained more inorganic material than the surrounding peat. The reason for this result remains 
unclear. Oxidation of the elevated peat could have contributed to the decrease in qualities. Towards 
the east in the areas where the S4LP were more than 6 m thick, conditions were not favourable for 
peat accumulation for C4LTC, because the area was elevated above the swamp. The elevated area 
acted as a protective barrier for the C4LTC against influx of sediments from the east. This contributed 






7.3 Palaeoenvironmental reconstruction 
 
Each of the six units has a unique depositional signature that was interpreted from the facies analysis 
and coal petrography. The structural framework was interpreted from the geological model for each 
unit together with the coal quality distributions. All these were combined to reconstruct the 
palaeoenvironment in its depositional succession from the basal C4LBA up to the top C4LTD and to 
classify each coal unit according to ECE-UN (1998). The classification takes into account the rank, 
petrographic composition, and grade (ash %). 
The thick and extensive C4L suggests that the coal was deposited in a transition zone between an 
upper delta/fluvial plain and a lower delta plain adjacent to the southwards flowing braided river 
system. This braided river system was responsible for the deposition of the Bethal palaeochannel and 
caused the split within the C4L when the river avulsed and shifted across the floodplain. The river 




The C4LBA formed on a stable, nutrient-rich platform within an upper delta/fluvial plain across the 
study area. The C4LBA consisted of a wet forest environment with a high water table promoting the 
formation of vitrinite from the abundant woody material within the waterlogged swamp in anaerobic 
conditions (Figure 7.2.A). The presence of pseudovitrinite suggests in-situ desiccation during periods 
of oxidation. The coal consist of mostly bright components (clarain) with siderite nodules and pyrite 
concretions. Moderate seasonal flooding events introduced inorganic material into the swamp via 
small channels. These channels were defined by the total inorganic grid and the quality grids. Figure 
7.2.B indicates where these channels were located within the peat of C4LBA in the study area. 
Carbonaceous mud and silt intermixed with the peat and was deposited within the in-seam channels, 
increasing the ash and RD, and lowered the CV, MS, FC and VM. 
 
 
Figure 7.2: (A) Schematic west-east cross-section through the study area indicating the depositional 
environment during the formation of the C4LBA; (B) Map view of the depositional environment with 
channels (in blue) showing where clastic sediments were deposited during flood events.  
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The C4LBA coal unit is classified as low grade coal with an average ash percentage of 27.46% (Figure 
7.3). From the type (petrographic composition) it is concluded that the coal contains moderately high 
vitrinite (64 vol%; Table 6.6). Although the coal samples contain the highest vitrinite vol% of the four 
coal units, they also contain a higher average ash content (27.46%) than the C4LTC coal (22.83%) due 
to the influence of inorganic material from more regular flooding events. The vitrinite reflectance 
measurements indicate that the coal is ranked as Medium Rank C bituminous coal. 
 
 
Figure 7.3: Classification of the C4LBA in-seam coal (using the ash %, petrographic composition and 
vitrinite reflectance results) according to the International Classification of in-seam coals (ECE-UN, 
1998) (modified from Silva and Kalkreuth, 2005). 
 
7.3.2 S4LFL  
 
Peat formation was terminated during the deposition of the S4LFL parting by a clastic, braided river 
system flowing across the study area in the north-western portion (Figure 7.4.A and B). The unit 
pinches out towards the south-west where the underlying Number 3 Coal Seam merges with the 
Number 4 Coal Seam. The S4LFL parting separates the Number 3 Coal Seam (C4LBA) from the Number 
4 Coal Seam (C4LBB) in the north-west. The unit reaches a maximum thickness of 2.98 m in the north-
western corner of the study area. The braided river shifted laterally from its position and migrated 





Figure 7.4: (A) Schematic west-east cross-section through the study area indicating the depositional 
environment during the formation of the S4LFL unit; (B) Map view of the depositional environment, 
indicating the position of the braided river system towards the north-east (yellow and blue).  
 
7.3.3 C4LBB  
 
After deposition of the clastic S4LFL parting, the study area was vegetated by terrestrial dry forest 
swamps along with open marsh areas (Figure 7.5.A). Conditions were drier during formation of C4LBB 
than during the formation of C4LBA with an increase in oxidizing conditions. The water table was lower 
with alternating wet and dry conditions prevailing, causing vitrinite and inertinite to be formed in 
equal proportions, noted by the equal amount of bright and dull components in the coal (duroclarain). 
Moderate seasonal flooding events introduced inorganic material into the swamp in small channel as 
indicated in Figure 7.5.B. Where these channels were located within the C4LBB coal, the ash and RD 
were higher than the surrounding coal, and contained a lower CV, MS, FC and VM. Looking at the 
entire study area, the qualities shows an increase in ash and RD towards the eastern boundary along 
with a decrease in CV, MS, FC and VM. This indicates that the braided river system was close to the 
eastern boundary of the study area, transporting allogenic clastic material into the peat during flood 
events. There is a decrease in vitrinite content towards the east and an increase in inertinite and 
observable mineral matter within the coal. This suggests a relationship between the decrease in 





Figure 7.5: (A) Schematic west-east cross-section through the study area indicating the depositional 
environment during the formation of C4LBB consisting of dry forest swamps and open marshes with 
a low water table (blue dashed line); (B) Map view of the depositional environment with channels (in 
blue) showing where clastic sediments were deposited during flood events.   
 
The C4LBB coal is classified as very low grade coal with an average ash percentage of 32.4% (high ash 
yield); it contains the highest ash (%) of all the coal units (Figure 7.6). From the petrographic 
composition it can be concluded that the coal contain medium vitrinite (45 vol%; Table 6.6). The 




Figure 7.6: Classification of the C4LBB in-seam coal (using the ash %, maceral analysis and vitrinite 
reflectance results) according to the International Classification of in-seam coals (ECE-UN, 1998) 
(modified from Silva and Kalkreuth, 2005). 
127 
 
7.3.4 S4LP  
 
Peat formation was terminated when the bedload dominated braided river system in the east avulsed 
and shifted laterally over eastern portion of the study area, eroding into the underlying peat. During 
flood events, water flowed over the riverbanks onto the floodplain. Each flood event consisted of the 
initial deposition of finer sand, followed by the suspension settling forming the rhythmically 
interbedded sandstone-siltstone overbank deposits. The channel margins and floodplains of the river 
were plant-rich, supporting the carbonaceous nature of the sediments. The deposit was wedge 
shaped, thinning away from the river together with an increase in carbonaceous material. A secondary 
channel possibly formed deeper into the overbank sediments causing it to be elevated above the 
surrounding areas (Figure 7.7.A and B). After a period of clastic influx, the braided river system avulsed 
and shifted laterally towards the east, ceasing clastic deposition allowing peat accumulation to re-
establish. 
 
Figure 7.7: (A) Schematic west-east cross-section through the study area indicating the depositional 
environment during the formation of S4LP; (B) Map view of the depositional environment, indicating 
the position of the braided river system in the east (yellow and blue), and the overbank sediments 
where clastic sediments was deposited during flood events towards the west (blue). The yellow 




The C4LTC peat was deposited on nutrient-rich overbank sediments over the study area except 
towards the elevated channel deposits in the east that were not favourable for peat formation (Figure 
7.8.A). The environment consisted of mostly wet forest swamps along with dry forest swamps and 
open marshes with a reasonably high but variable water table. Conditions were similar to the C4LBB 
unit with alternating wet and dry conditions prevailing, causing the vitrinite and inertinite to be in 
almost equal proportions; noted by the equal amount of bright and dull components in the coal 
(duroclarain). Although the unit has a lower vitrinite content than the C4LBA, it has the lowest ash 
content of all the units. This was due to the protected nature of the former riverbank towards the east 
(S4LP), isolating the peat from regular flood events. Towards the west, thick peat did not accumulate 
over the elevated floor roll due to differential compaction, causing the thinning of the peat over the 




Figure 7.8: (A) Schematic west-east cross-section through the study area indicating the depositional 
environment during the formation of the C4LTC consisting of mostly wet forests with open marshes 
and dry forests with a reasonably high but variable water table; (B) Map view of the depositional 
environment, indicating the position of the elevated riverbank towards the east (yellow) and the 
position where the coal quality deteriorated and the unit thins over the underlying channel in the 
S4LP. 
 
The C4LTC coal is classified as medium grade coal with an average ash percentage of 22.83% 
(moderately high ash yield); it contains the lowest ash (%) of all the coal units (Figure 7.9). From the 
petrographic composition, it can be concluded that the coal contain medium vitrinite (48 vol%; Table 
6.6). The vitrinite reflectance measurements indicate that the coal is ranked as Medium Rank C 
bituminous coal. 
 
Figure 7.9: Classification of the C4LTC in-seam coal (using the ash %, maceral analysis and vitrinite 
reflectance results) according to the International Classification of in-seam coals (ECE-UN, 1998) 






The C4LTD peat was deposited in an open marsh environment along with areas consisting of wet 
forests. The peat covered the entire study area, accumulating towards the east, where the C4LTC was 
absent (Figure 7.10.A). The water table varied greatly during this time causing the coal to contain the 
least amount of vitrinite. Inertinite dominates the coal suggesting dry oxidizing conditions. Flooding 
events occurred on a regular basis (Figure 7.10.B). This is supported by the high ash % and the 
dominance of detrital inertodetrinite macerals within the coal. The peat overlying the thin C4LTC 
above the elevated S4LP floor roll experienced the same conditions as the C4LTC. Carbonaceous mud 
and silt intermixed with coal was deposited within the in-seam channels, increasing the ash content 
and RD, and lowered the CV, MS, FC and VM. 
 
Figure 7.10: (A) Schematic west-east cross-section through the study area indicating the depositional 
environment during the formation of the C4LTD consisting of open marshes and wet forests with a 
highly variable water table (two blue dashed lines); (B) Map view of the depositional environment 
with channels (in blue) showing where clastic sediments were deposited during flood events.  
 
The C4LTD coal is classified as low grade coal with a moderately high ash of 28.82%, the second highest 
average ash content (Figure 7.11). From the petrographic composition, it can be concluded that the 
coal contain low vitrinite (33 vol%) (Table 6.6), and consists of more inertinite in the form of 
inertodetrinite than vitrinite; hence the unit is classified as inertinite-rich (63 vol%; Table 6.7). The 




Figure 7.11: Classification of the C4LTD in-seam coal (using the ash %, maceral analysis and vitrinite 
reflectance results) according to the International Classification of in-seam coals (ECE-UN, 1998) 
(modified from Silva and Kalkreuth, 2005). 
 
7.4 Overall conclusion 
 
This study investigated the relationship between the in-seam parting and the coal distribution and 
quality parameters within the Number 4 Coal Seam in a portion of the Highveld Coalfield, and how the 
palaeoenvironment influenced the type, grade and rank of the coal. The disciplines of coal 
petrography and sedimentology were combined to investigate the relationship between the coal and 
clastic partings within the coal seam in this area, something not previously researched here, in the 
region. 
The information presented in this study will contribute to the understanding of the structural 
framework and quality distribution of the Number 4 Lower Coal Seam and the in-seam parting. 
Understanding the resource and the relationship between the in-seam parting and the coal will assist 
in enhanced mine planning to exploit the available resource with the best mining practise and in the 
safest way. Future studies can be conducted within the study area to compare the two coal sub-seams 
(qualities and thickness) and their roof and floor conditions, to determine the most economical coal 
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